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ABSTRACT
A common feature of cerebral palsy is persistent toe walking on the most affected side, 
which may result in an unstable gait and frequent falls. Results from current 
interventions, such as AFOs, plaster boots, botulinum, or surgery are mixed, with some 
being poorly tolerated and/or with only temporary results.
An alternative intervention maybe functional electrical stimulation (FES) in which (for 
this application) electrical pulses are applied to motor points through surface electrodes 
by a small, lightweight, external battery unit. The dynamic nature of FES may promote a 
more normal gait pattern and strengthen and re-educate the affected muscles. There are 
two apparently opposing approaches, with some studies reporting positive results from 
stimulating the anterior tibial muscles and studies reporting positive results from 
stimulating the calf muscles. Whilst both approaches have shown some encouraging 
results they fail to produce conclusive evidence as to which should be the treatment of 
choice or provide prescription guidelines for appropriate selection.
The aim of this pilot study was to establish whether FES applied to the anterior tibial 
muscles can be used successfully to control toe walking in children with CP, building on 
the widely accepted model used in adults. In addition it was aimed at establishing any 
preconditions that need to be met.
An ABA approach was used (A - non intervention; B - intervention) with each phase 
lasting three months, which allowed the treatment to continue for a greater period than 
previous studies. In terms of daily exposure, children used the device throughout their 
daily activities. Sufficient subjects were recruited for a statistical analysis. To control for 
the effects of other treatments existing therapeutic inputs continued, whilst making 
kinematic, kinetic, energy consumption, and clinical measurements to quantify changes.
Data for over 2000 steps from ten children at six measurement sessions were recorded. 
Results suggest immediate orthotic and longer term therapeutic effects, as measured by 
the heel-toe interval, knee angle at foot contact, step and stride length, cycle time, speed, 
and energy consumption. Significance at the 0.05 level was reached for step and stride
lengths, and speed. The effectiveness of the stimulation from the users’ point of view was 
assessed through a questionnaire, completed by the child and their parent or carer.
A major weakness identified in the course of the study was a lack of sufficient subject 
numbers to allow greater statistical significance to be achieved. In addition, the lack of 
sufficient subjects did not allow the unambiguous identification of any sub-groups who 
may benefit more or less than others. Improved equipment may also have made possible 
a better estimate of heel-toe intervals, which appears to be potentially useful outcome 
measure.
Future work planned includes a similar study of calf muscle stimulation and 
improvements to the stimulator equipment.
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Additional notes on types of CP
What are the different types of cerebral palsy?
There are several different types of cerebral palsy, which are grouped into 
categories.
1. Spastic cerebral palsy
This is the most common type of cerebral palsy. Spasticity means stiffness or 
tightness of muscles. The muscles are stiff because the m essage to the muscles is/ 
sent incorrectly through the damaged part of the brain.
When people without cerebral palsy perform a movement, some groups of muscles 
become tighter and some groups of muscles relax. In people with spastic cerebral 
palsy, both groups of muscles may become tighter. This makes movement difficult or 
even impossible.
2. Athetoid cerebral palsy
Athetosis is the word used for involuntary unpredictable movements that occur in this 
type of cerebral palsy. This involuntary movement is present even at rest and is often 
most noticeable when the person moves. In addition, children with athetoid cerebral 
palsy often have very weak muscles or feel floppy when carried.
3. Ataxic cerebral palsy
This is the least common type of cerebral palsy. Ataxia is the word used for unsteady 
shaky movements or tremor. People with ataxia also have trouble keeping their 
balance.
4. Mixed types
Many people do not have just one type, but a mixture of several of these movement 
patterns.
What part of the body is affected?
Again, this is different from one person to another.
Certain words are used to describe the parts affected:
Hemiplegia - the leg and arm on one side of the body are affected.
Diplegia - both legs are affected significantly more than the arms. People with 
diplegia usually have some clumsiness with their hand movements.
Quadriplegia - Both arms and legs are affected. The muscles of the trunk, face and 
mouth can also be affected.
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1. INTRODUCTION
1.1 STATEMENT OF PROBLEM
The words Cerebral Palsy are used to describe a medical condition that affects control 
of the muscles due to brain injury before, during, or shortly after birth. The causes of 
the injury are varied and some are unknown. More generally it is 
“an umbrella term covering a group of non-progressive but often changing motor 
impairment syndromes secondary to lesions or abnormalities of the brain arising in 
the early stages of its development”
[Mutch et al., 1992]
Cerebral Palsy (CP) occurs in approximately 0.21% of live births in the UK [Pharoah 
et al., 1998]. If muscle tone is too high or too tight, the term spastic is used to describe 
the type of cerebral palsy. The children in this study had spastic CP. Children with 
spastic CP have stiff and jerky movements because their muscles are too tight. This 
affects about half of all people with CP. Different parts of the body are affected. The 
most prevalent forms of spastic cerebral palsy in children bom at term are hemiplegia 
and diplegia [Hagberg et al., 1989]. Hemiplegia refers to the fact that the CP affects 
one side of the child's body, with both the arm and leg being affected. In Diplegia 
children have CP only in the legs, or with it being much more severe in their legs than 
in their arms, although there is often considerable asymmetry between the two sides 
[Whittle, 1996 pp 148]. The other forms of CP are not considered in this discussion as 
children with these were not studied.
A common feature of these disorders is persistent toe walking on the most affected 
side, which may result in an unstable gait and frequent falls. Such children never 
develop the heel strike, (on the affected side) which is the hallmark of the mature 
walking pattern, normally acquired between the ages of two and four [Sutherland et 
al., 1988]. There is also increasing asymmetry, which may lead to development of 
fixed deformities and further disability [Gage 1991].
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1.2 AIMS AND PURPOSE OF THE STUDY
a. To establish whether Functional Electrical Stimulation (FES) applied to the 
anterior tibial muscles can be used successfully with children suffering from CP to 
control toe walking.
b. To discover any preconditions needing to be met to ensure success.
More specifically:
1. Is there a short term orthotic effect of stimulation? This refers to the effect of 
stimulation on foot motion as measured between the unstimulated and stimulated 
traverses in phase B.
2. Is there a long term therapeutic effect of stimulation? This refers to the effect of 
stimulation over time and was measured by the changes in the unstimulated traverses 
of phase B.
3. If so, which parameters of gait are most changed?
4. Are some children helped more than others?
5. If so, can these be related to different groups of patients?
1.3 CURRENT SOLUTIONS
Current methods of reducing toe walking are directed towards stretching and/or 
reducing tone in the musculo-tendinous unit.
Ankle-Foot Othoses (AFOs)
Bleck [1987] states that plastic molded AFOs is the commonest support in CP, With 
different types being available to control motion of the foot and stretching and/or 
reducing tone in the Triceps Surae. In particular they are useful in reducing 
plantarflexion which is typical of toe gait.
Butler et al. [1992] examined the effects of fixed AFOs on six children, range 3.7-6.5 
years. They found that, if  the AFO was optimized to give a ground reaction force 
vector as close as possible to the normal alignment of the knee in mid to terminal 
stance and balance training targeted on the knees was used, all children showed a 
decrease in the magnitude of the knee-extending moment arm when barefoot.
Recent work [Romkes and Brunner, 2002] using kinematic and kinetic gait analysis 
with 12 hemiplegic CP children, confirms the utility of AFOs in bringing various gait 
parameters closer to normal when compared to barefoot walking.
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However in spite of continuous improvements orthoses do not seem to be popular 
with children, for example the majority of children in the current study preferred to be 
without them.
Plaster Casting
Earlier research is mixed with some positive reports [Sussman and Cusick, 1979] and 
others reporting no improvements six months after removal [Watt et al., 1984]. In 
other cases pressure caused wounds have been reported [Carmick, 1995]
Recently Wickes and Week [2002] have reported that in a study of the long-term 
functional outcomes of 33 serial casting patients, 29 (88 percent) made significant 
improvement by becoming heel-toe walkers, bearing weight when they previously 
were not able to and by walking unassisted1.
Throughout the 10 to 16 weeks they are enrolled in the program, patients are fitted 
with plaster and plastic casts revised on a weekly basis. The casts, which are worn 
both during the day and at night when growth hormones are released, gradually train 
the patient's foot, ankle and leg into proper alignment.
These workers claim to have added some significant components to their program that 
have helped reduce recurrence in patients and achieve long-term success. These 
include strengthening the muscle, the use of night braces following the casting process 
throughout the growing years, physical therapy gait training, and intensive family 
education and involvement to comply with the strict requirements of the program..
Botulinum toxin A injections
This treatment blocks the release of acetylcholene at the neuromuscular junction. As a 
result the muscle is weakened, typically for 3-6 months. During this time there are 
reports of a reduction in muscle tone [Cosgrove et al., 1994] and improvements in gait 
[Sutherland, 1999]. In addition it offers an opportunity to use other methods to 
increase muscle length and produce longer term reductions in contractures. Examples 
of such possibilities are its use in small scale studies in conjunction with
11 was unable to find confirmation of these claims in a peer review journal.
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(a) Electrical stimulation. In a study of 21 adult stoke patients Johnson et al., 
[2002] suggested an increase in walking speed, whilst a smaller study by 
Detrembleur et al. [2002] with 12 CP children found no advantage in adding 
FES.
(b) Orthoses. In a study of 39 children with CP using a hip orthosis, Boyd et al. 
[2001] reported promising results but, as with the other studies just referred to 
point to the need for larger scale trials.
Surgery
Gage [1991] and Bleck [1987] report on problems of inappropriate surgery and the 
need for a full clinical examination and gait analysis to prevent such occurrences. 
Following surgery Gage [1991, p 174-177] prescribes splinting, or orthosis combined 
with exercise to strengthen weakened muscles and gait retraining. Selective Dorsal 
Rhizotomy (SDR) results were reported by McLaughlan [1998,2002). Both studies 
reported that SDR plus physical therapy was more efficacious than physical therapy 
(PT) alone. In the 1998 study the latter also state that SDR may not be a useful 
treatment for children with mild spastic diplegia.
Exercise
Strength training was found to improve ankle function as measured by active ankle 
range of motion (ROM) measurements carried out by Toner et al. [1998]. In a review 
of 11 studies, Dodd et al. [2002] suggest that training can increase strength and may 
improve motor activity in people with CP without adverse effects. However they 
suggest that more rigorous studies are needed that have a greater focus on changes in 
activity and participation and that consider contextual factors.
There are reports that the first three treatment modalities also cause increased muscle 
weakness [AFOs: Geboers et al., 2002; Casting: Bleck, 1987, p 171; Botulinum: 
Sutherland et al., 1999; Surgery: Gage 1991]. In summary, results from all the 
interventions listed and physiotherapy [Bleck, 1987, pp 160; Bower et al., 2001] are 
mixed. Some are poorly tolerated and/or with only temporary results. A summary of 
these methods and their limitations is shown in Table 1.1.
A further complication is the range of deficits found in children with different types 
and degrees of CP. Thus, as noted for SDR, different degrees and types of CP may
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require different interventions. Indeed Bleck [1987] cites Paine [1962], comparing 74 
patients who had no treatment compared with 103 who had intensive PT. Paine found 
that those who had mild spastic hemiplegia improved both with and without therapy. 
More severely involved spastic patients, who had various forms of treatment did show 
better gait and fewer contractures. But PT did not reduce the need for orthopaedic 
surgery and made no difference in patients with athetosis (another form of CP).
Bleck [1987] goes on to suggest that
“Perhaps it is time to give up trying to “cure” the neurological deficits by remedial 
methods...and get on with the task of helping children and their parents in the 
management of motor disorder to allow optimum function for independent living”
(p 160).
Table 1.1. Limitations of current methods of controlling toe walking in children
Orthotics: AFO’s Plaster of Paris 
Boots
Botulinum toxin 
injections
Surgery: Tendo- 
Achilles lengthening
Exercise
Poorly tolerated by 
some
Poorly tolerated 
by some
Not easily accessed 
at present
Usual surgical risks Needs active 
participation
Regular renewal 
for growth
Short term 
correction
Needs repeats Irreversible and may 
need repeat due to 
growth
Does not provide 
sustained stretch 
necessary to prevent 
contracture
Persistence of poor 
gait pattern
Inconvenient for 
family
Invasive Invasive Persistence of poor 
gait pattern
Pressure points Usually still need 
orthosis
Still need orthoses May still need orthoses Still need orthoses
Can cause 
weakening
Weakens calf if  
applied for more 
than a week
Short term 
weakening
Definite weakening, 
may cause other 
difficulties
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1.4 FUNCTIONAL ELECTRICAL STIMULATION (FES)
FES is a subset of Electrical Stimulation, the classical example of which is the cardiac 
pacemaker. The term FES is applied to systems which attempt to restore lost or 
impaired neuromuscular function, such as standing or walking.
1.4.1 Principles of FES
Placing electrodes on the skin or in tissue allows a conversion of a current of electrons 
flowing through a wire to a current of ions moving within tissue. If a nerve is close 
enough to this source of ion flow, a motor nerve can be depolarized to threshold and 
cause muscle contraction (Figure 1.1).
SKIN SURFACE
NERVE BUNDLE
Figure 1.1. Current flow through tissues between electrodes. Note current density reduces with 
distance from electrodes. [Baker et ah, 2000]
For this application of electrical stimulation, electrical pulses were applied to surface 
electrodes from a small, lightweight, external battery powered stimulator.
For each muscle stimulated one pair of electrodes is needed and constitutes one 
channel.
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1.4.2 Stimulation Parameters
The main determinants of the force of muscle contraction produced are: pulse 
duration (width), pulse amplitude and pulse frequency. The level of stimulation 
required varies widely from subject to subject.
Pulse amplitude and duration
The current amplitude and duration must be equal to or greater than the threshold of 
excitability of the stimulated tissue. There is thus an inverse relationship between the 
pulse amplitude and duration. Typical values of pulse amplitude are up to 100mA and 
pulse durations are between 0.2 and 0.4 ms.
To reduce accommodation problems (in which a slowly increasing waveform causes 
an elevation of the threshold of excitability) rectangular waveforms are often used.
Frequency
The rate at which nerve fibres generate action potentials is dependent on the pulse 
repetition rate or frequency. For tetany2, the pulse frequency is normally set to 
between 25 and 50 pulses per second.
Fatigue is a problem due to the contraction force being produced by a relatively small 
number of motor units being driven synchronously. In comparison natural 
contractions are produced by a large number of motor neurones and their motor units, 
excited at different times and rates. Fatigue occurs quickly at frequencies greater than 
30-40 pps.3
On/Off Times
To reduce fatigue problems the stimulator is switched on and off to allow the muscle 
to recover between cycles.
Ramp Times
By increasing the amplitude of stimulation gradually, motor units can be recruited 
incrementally as a result comfort is increased. This is called ramp up time.
2 Smooth, non oscillating muscle contraction. Generally any tense contraction of a muscle, esp. when 
produced by electric shocks
(16th Century: via Latin from Greek tétanos, from tétanos taut, from teinein to stretch)
3 This appears to be due to (i) decreased neurotransmitter release, (ii) metabolic exhaustion of 
contractile mechanism and (iii) contraction induced ischemia [Baker et al., 2001 p34]
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Releasing a limb from stimulation slowly may be needed for safety and is called ramp 
down time.
Further details of electrical stimulation are given in Appendix 1, with details of the 
stimulator used in the study in Appendix 4.
Details of the type of electrodes, number of channels, pulse widths, ramp times, 
frequency, current and on/off times for each of the studies discussed in the literature 
review are given in Table 1.3. In some studies information of this kind was either 
absent or incomplete and as a result omitted from the table.
1.5 PREVIOUS APPROACHES
FES has been used for many years in the rehabilitation of muscle activity following 
neurological damage, e.g. spinal cord injury and stroke [Bajd et al., 1994; Bogataj et 
al., 1993 and Ewins et al., 1988]. In this country considerable work on FES has been 
carried out in adults with hemiplegic gait, [Burridge et al., 1997; Granat et al., 1993]. 
The study by Burridge et al. [1997], for example, demonstrated an improvement in 
walking speed of 10% or more by 12 of the 16 receiving FES and a mean reduction in 
physiological cost index (PCI) - an indicator of energy consumption - of 33%, when 
electrical stimulation was used as an orthosis. This was accompanied by improved 
scores on quality of life measures. As a result of these studies it was suggested that the 
dynamic nature of FES may promote a more normal gait pattern and that FES also has 
the potential to strengthen and re-educate the affected muscles. The main muscle 
stimulated in the above studies to improve toe gait has been the anterior tibial group 
of muscles.
In comparison, less work has been reported in assisting gait in children with cerebral 
palsy using electrical stimulation. If parallels are found with the application of FES in 
adults then this is a potentially more efficient and acceptable method of controlling 
toe gait than those already available, resulting in improved quality of life and a 
reduction in cost of provision over time.
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A  variety of stimulation sites have been used in FES with CP children, depending on 
the nature of disability and aim of treatment, as illustrated in Table 1.2.
Table 1.2 Stimulation sites of studies of electrical stimulation with CP children
Investigators Date Sites
Leyendeker 1975 Not given
Grancanin et al. 1976 Peroneal nerve
Riso and Makley 1981 Peroneal nerve
Naumann et al. 1985 Tibialis Anterior
Laborde et al. 1986 Quadriceps
Logan et al. 1987 Not given
Dubowitz et al. 1988 Not given
Murray et al. 1989 Quadriceps, Tibialis Anterior
Atwater et al. 1991 Upper or lower limbs
Carmick 1993 Tibialis Anterior, Triceps Surae, Hamstrings, Gluteus Max.
Pape et al. 1993 Tibialis Anterior
Hazlewood et al. 1994 Tibialis Anterior / Extensor Digitorum Longus
Samarji et al. 1997 Hip adductors
Bertoti et al. 1997 Gluteals, Quadriceps, Tibialis Anterior, Triceps Surae
Comeaux et al. 1997 Tibialis Anterior, Triceps Surae
Steinbok et al. 1997 Abdominals, Gluteals, Quadriceps, Tibialis Anterior
Somerfelt et al. 2001 Antagonists
There were also differences of overall approach with some investigators stimulating 
the child outside activity [Dubowitz et al.,1988; Pape, 1993; Hazlewood et al., 1994] 
and others specifically focused on them [Carmick, 1993,1995]. In the case of Pape 
and later studies following her approach of very low level subliminal stimulation 
overnight called Therapeutic or Threshold Electrical Stimulation (TES), there is no 
activity or conscious involvement by the child.
Stimulation was applied using a switch in which the therapist, parent or child 
controlled the timing and duration of the stimulation manually.
Of those dealing specifically with toe gait, there are two apparently opposing 
approaches with some studies reporting positive results from stimulating the anterior 
tibial muscles [Dubowitz et al., 1988; Hazlewood et al., 1994]. Other studies report 
positive results due to stimulating the calf muscles [Carmick, 1993; Commeaux et al., 
1997].
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The rationale for electrical stimulation of the anterior tibial muscle is to produce 
active dorsiflexion at the ankle during the swing phase of gait, which at the same time 
reciprocally inhibits the antagonist, triceps surae [Hazelwood et al., 1994]. In contrast, 
stimulating the triceps surae (TS) is thought to favourably modify altered muscle 
activation patterns with a reduction in spasticity [Rose, 1998].
1.6 LITERATURE REVIEW
In order to understand this variety of approaches a review of the literature follows. In 
order to follow the development of methods more clearly Table 1.3 has also been 
prepared, which summarises the salient points of each intervention and makes clear 
the variety of approaches and amount of reporting of technical information. The 
Carmick [1995], Pape [1997] and Dali [2002] studies are not detailed in the table as 
they do not add substantial technical details or results.
Leyndecker [1974] did not report the site of stimulations and combined stimulation 
with the use of the Bobath method of physiotherapy, comparing this with Bobath 
alone. Ten matched CP subjects were assigned to each intervention. The interventions 
took place over 2 four-month periods of treatment with a rest period of 2 months 
between. After the first test period the combined treatment group had better results but 
by the end of the second period there were no significant differences between the 
groups as measured on a specially constructed motor- (using photographs) and 
psychological- effect rating scales.
Grancanin et al. [1976] reported on their experiences of using FES on 120 children 
with CP over a six year period, building on earlier work with adults. Stimulation was 
used therapeutically for 72 of the children, orthotically in 13 and for various other 
reasons for the remainder. They report that improvements were found in posture and 
gait in 107, with some children showing a continuing improvement after stimulation 
was discontinued.
Specific improvements noted in swing phase were:
absence or decrease of hiking and internal rotation of the hip,
decrease in equinovarus and inadequate dorsiflexion at the ankle joint
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and flexion of the big toe.
In stance phase the following were noted:
Decrease in internal rotation and adduction at the hip joint, hyperextension at the 
knee.
Heel contact, whereas before this was not possible.
The paper does not state how these observations were made and no quantification is 
offered. The investigators report that compared with adults they needed to alter the 
positions of the electrodes and foot switches for children. In addition they found that 
children often needed the peroneal nerves (PN) of both legs stimulated.
They also report that repeated stimulation of PN reduces TS tone.
Riso and Maclay [1981] measured the effect of PN stimulation on 5 hemiplegic 
children using foot switches, ankle goniometry and EMG. In all the children 
dorsiflexion and eversion4 leading to heel contact were obtained as soon as 
stimulation began but did not continue once the stimulator was not used, even after 6 - 
12 months of use 40 minutes per day i.e. there was no carry-over effect in these 
children.
Naumann et al. [1985] describe the design of two 2-channel stimulators and their 
effects on 3 subjects. The first case study concerned the use of the “passive” 
stimulator which attempted to maintain or increase the range of motion of the ankle 
by stimulating the dorsiflexors when the child was sitting. The investigators report 
that this increased the child’s ROM at the ankle, increasing the ease of movement.
The other two case studies made use of the “functional” stimulator to assist gait by 
stimulating the dorsiflexors during the swing phase of gait to achieve a heel-strike 
gait. Using digitised split screen video significant changes were found for velocity,
4 Everted = To turn inside out or outward.
[from Middle English everted, turned upside down, from Latin vertus, past participle of vertere, to 
overturn)
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step length, stance/swing time ratio, ankle angle at foot contact, foot to floor angle at 
foot contact signifying heel first contact, and an increase in maximum external 
rotation of the foot in one subject. In the other subject only one side needed 
stimulation. There were significant increases in knee flexion-extension, knee flexion 
at the start of swing and in the foot to floor angle at foot contact signifying heel first 
contact.
Laborde et al. [1986] 12 patients and 4 healthy controls had their quadriceps 
stimulated using surface electrodes for 15 minutes, 3 times a week for 90 days. 
Strength and power testing were undertaken using the Cybex system before, every 2 
weeks during, and every 30 days for one year after the stimulation period
Knee extension strength and power increased markedly during the stimulation period 
and fell once more after, however a substantial proportion of these increases were lost 
in the 12 months follow up period. No mention is made of the control group’s results.
Logan et al. [1987] used a transcutaneous nerve stimulator (TENS) or a placebo on 
30 CP patients with at least partial spasticity who rode a bicycle ergonometer before 
and after one treatment. Workload, heart rate, blood pressure and expired respiratory 
gasses were measured. Mechanical Efficiency (ME) was derived from the ratio of 
oxygen uptake to workload and used to evaluate spasticity. Results were a 15-20% 
increase in ME for TENS users whilst those using the placebo had an unspecified 
decrease.
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Dubowitz et al. [1988] studied two girls with hemiplegic CP, aged 3 years 5 months 
and 3 years 8 months. After giving case studies they detail the methods used. For the 
first time in this review details are given of frequency, pulse width and type of 
stimulation5. Muscle function was tested and compared with normal children. 
Isometric tensions were produced by maximum voluntary contractions and electrically 
evoked potentials of tibialis anterior (TA). The children were stimulated for 1 hour, 
three times per day at home. Both showed marked improvements as assessed 
clinically.
Murray et al. [1989] presented the results of using FES on one 11 year old male 
subject with spastic diplegia over approximately 6 months. Stimulation parameters are 
detailed (Table 1.3). ROM of knee and ankle joints were “improved”, as measured by 
a goniometer in a seated position with movements against gravity. There was an 
increase in muscle strength and a decrease in spasticity as measured by knee torque 
using a Cybex II device, which estimates muscle strength at varying speeds of length 
change. In walking, distance to fatigue and velocity during ambulation were 
measured.
Atwater et al. [1991] used electromyography (EMG) triggering instead of foot 
switches. 10 children were recruited, 3 for upper extremity (UE) stimulation and 7 for 
lower (LE) of the wrist and ankle dorsiflexors. A requirement of the triggering 
method was that children were able to actively contract and then fully relax the 
muscles concerned. Video and goniometry were used to record gait and ROM. Mainly 
subjective gait assessment performed by experienced physical therapists with checks 
of some sessions by independent measurement of video record e.g. step length and 
speed. Positive gait and ROM changes were found but there was no difference 
between the outcomes of UE and LE.
5 However it is noted that Naumann et al. [1985] had given specifications for their stimulator and 
several other studies were either reported in abstract form or were one of a series of publications by the 
investigators, so it is possible that such details are available but this was not stated explicitly in the 
publications found.
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Carmick [1993] reported on three case studies of boys aged 1.6, 6.7 and 10 years.
The protocols in each case vary as they concerned each individuals needs. However 
the approaches have the following common factors: Two channel surface stimulation 
(characteristics specified in Table 1.3), with the stimulation being triggered by the 
therapist. Muscles were chosen for stimulation on the basis that they were not 
working at the proper moment. Carmick reports that stimulating TA was not 
successful but that stimulating TS was6. In one case she stimulated gluteus maximus 
and the medial hamstrings with improvements in posture and gait patterns. All 
children responded quickly to the stimulation with improvements in gait. Carmick 
reports strong evidence of carry over (improvements remaining when stimulation was 
not used) in two of the children. The latter two children improved their PCI values, 
indicating increased efficiency.
Pape et al. [1993] reported on a different approach to stimulation: that of low 
intensity overnight stimulation of TA, at levels that were below the threshold of 
sensation. In a study of 6 CP children aged approximately 3-5 years, all mildly 
affected of which 3 were hemiplegic and 3 diplegic. The 3 controls were respectively, 
a twin and two of triplets of two of the subjects. Stimulation was applied in two 6 
month periods, separated by 6 months of no stimulation. Testing was by the Peabody 
Developmental Scales. This gross motor test has five subtests: reflexes, balance, non­
locomotor, locomotor, and receipt/propulsion. Reliability measures are not given in 
the paper. The authors report that there were significant improvements in the scores.
Hazlewood et al. [1994] chose to stimulate the anterior tibial muscles of 10 children 
with hemiplegic CP and compared them with 10 matched controls. Children sat, lay or 
walked, continuing with their normal activities whilst they were stimulated at home 
for 1 hour daily for 35 days. Electrogoniometers were used to measure active and 
passive ROM for the ankle, and knee and ankle motion during walking; before and 
after treatment. Gait timings were provided by foot switches. Muscle power was
6 A factor in lack of effect on TA may be the severity of weakening of this muscle in her subjects. 
Milner-Brown and Miller [1988a and b] found that electrical stimulation of muscles with less than 10% 
of normal strength did not increase strength.
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assessed using the MRC grades. Passive ankle ROM with straight knee, active ankle 
dorsiflexion when sitting, and in the muscle power of Tibialis Anterior, for those 
receiving ES were the only significant change.
Carmick [1995] presented four case reports of children whose calves were stimulated 
in addition to their normal physical therapy. Children were followed for periods of up 
to 4 years. Improvement was reported for gait, balance, posture, active/passive ROM 
and foot alignment. Toe walkers became plantigrade. Spasticity did not increase. She 
also emphasised the need for the correct timing of stimulation during a task-specific 
activity. This contrasts with the non-specific timing of Hazlewood et al. [1994]
Samarji et al. [1997] used a randomised double blind crossover placebo controlled 
trial design with 16 children with spastic diplegic CP. The hip adductors were 
stimulated using surface electrodes. Three days of assessment were used for baseline 
measures. This was followed by three days of treatment or placebo allocated 
randomly. Finally the second stage was repeated with those who were first treated 
receiving the placebo and vice versa, thus each patient acted as their own control. The 
nature of the placebo is not stated. Measurement of PCI only is reported. For subjects 
with a PCI>1, all showed an improvement (i.e. lower PCI) after treatment. For those 
with a PCK1 only 25% showed an improvement. They conclude that PCI could be 
used to select children likely to benefit from the treatment.
Bertoti et al. [1997] used 12 channel percutaneous intramuscular FES on 2 children 
with spastic diplegia. The electrodes were implanted bilaterally into gluteus maximus, 
gluteus medius, vastus lateralis, vastus medialis, gastrocnemius, and tibialis anterior. 
The aim was to strengthen key antigravity muscles during stance and activate 
appropriate muscles for stable stance, unilateral limb loading, weight transfer and 
limb advancement. The children were to use the stimulation to assist their motor 
learning, making them active learners rather than passive recipients of the induced 
muscle activity. There were improvements in ROM, step length, base of support.
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gross motor function, with evidence of carry over effects. Measurements were by 
pressure sensitive carbon paper (Pedograph) and unspecified angle measures.
Comeaux et al. [1997] followed up Carmick’s work by stimulating gastrocnemius 
alone or both tibialis anterior and gastrocnemius together respectively in two four 
week periods. They used a cross over design to distinguish any differences in the 
effects of the different stimulation sites. 14 children aged 4-14 years were studied, 10 
had diplegic and 4 hemiplegic CP. All were able to walk for 25 metres without an 
orthosis but not able to heel strike during gait.
During a 2 week pre-treatment period children were seen twice a week and carried out 
15 minutes of pregait/gait activities detailed in the paper. In these sessions each child 
wore an inactive stimulator unit and electrodes.
For the treatment periods, children were seen 3 times a week for a 15 minute session. 
After an introduction to the stimulation sensation, settings were adjusted to produce a 
fused contraction within the child’s tolerance at the first session and not changed 
thereafter. Timing of the stimulation was provided by a hand switch operated by the 
investigator.
After the cross over study was completed the children repeated the pre-treatment 
protocol for four weeks, three times per week.
During each phase of the study video was taken periodically with that being recorded 
at the end of a phase being used for analysis. Markers were placed on anatomical 
landmarks and the video record of 20 steps for each phase was inspected. From these 
estimates of the presence of heel contact were made. The amount of dorsiflexion at 
foot contact using a goniometer was calculated for 3 steps. No reliability studies were 
undertaken. Dorsiflexion data were analysed using a two-way ANOVA. There was an 
increase in the number of heel strikes and a significant increase in the angle of 
dorsiflexion for both treatments (pO.Ol).
Both treatments were shown to produce similar and almost immediate results 
regardless of the order they were given in.
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A Medline search with fields of children, CP, electrical stimulation, NMES, FES 
showed no further studies after Comeaux. This review does not consider CNS 
stimulation, or neuromuscular stimulation to adults or the upper limbs of children with 
CP.
One difficulty in interpreting the reports is the variability in type and severity of 
deficit being studied. Thus it does not appear possible to draw simple conclusions as 
to what approach is likely to be successful with a particular patient group. Another 
characteristic is the paucity of control groups or randomised controlled trials (RCT). 
This is understandable as in the early stages of research into an area identifying if 
there is anything to measure is a priority in the few subjects treated is all that can be 
attempted. RCT could and should follow where there is not a strong 
learning/motivation component in what is being measured.
Steinbok et al. [1997] reported improvements in the Gross Motor Function Measure 
(GMFM) of children treated with TES, as compared with untreated children.
Pape [1997]. Reported increases in muscle bulk of TES stimulated muscles, with an 
increase in strength provided there is an active use of muscles. No data is given in for 
these effects is given in the paper.
Sommerfelt et al. [2001] found “no significant effect of TES on motor or ambulatory 
function” for treated children who had diplegia, although subjective reports by the 
participants’ families reported improvements.
Dali et al. [2002] came to a similar conclusion to those of Somerfelt in a similarly 
constructed trial of TES.
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Chapter One: Introduction
1.7 NEED FOR THE PRESENT STUDY
Whilst both the tibialis anterior and triceps surae approaches to FES have shown some 
encouraging results, they fail to produce conclusive evidence as to which should be the 
treatment method of choice. Nor do they provide prescription guidelines for the 
appropriate selection of patients. As shown in Table 1.3, this is because they have 
involved either:
• very low numbers of participants;
• limited outcome measures;
• short periods of treatment -  typically not more than 8 weeks, with the daily use 
being less than one hour per day, with little of no use during everyday activities;
• manual triggering of the stimulation by the therapist, parent/helper or child;
• or they have been confounded by the use of additional modalities.
As a result, in this study it was decided to:
• stimulate tibialis anterior, the more widely accepted model used in adults;
• recruit sufficient subjects for a statistical analysis;
• maintain existing therapeutic inputs;
• make kinematic, kinetic, energy consumption, and clinical measurements;
• continue the treatment for a greater period both in terms of daily exposure and 
length of trial, with children using the device in their daily activities for 3 months, 
in line with adult studies;
• Make use of automatic triggering, developed for adults, to allow a more natural 
use of the stimulator in daily activities.
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1.8 OVERVIEW OF REPORT
To evaluate the effectiveness of electrical stimulation in improving walking function it is 
necessary to understand both normal and pathological gait, and the differences between 
them. After the short consideration of the reasons for considering the use of electrical 
stimulation to improve function just concluded, normal gait is examined in detail, 
including some aspects of gait analysis. This is followed by a consideration of normal 
gait development and that of children with cerebral palsy. The gait problems of children 
with the two types of CP affecting the children in this study are then examined in detail.
In order to place the present study in a methodological context, the methods and problems 
of gait analysis are examined. The effectiveness of modem gait analysis techniques are 
then discussed.
The methods employed in the study are detailed, including data processing, analysis and 
calculations. The results of the study are then presented, conclusions drawn, various 
factors in the study are discussed, and plans for future work laid out.
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2 N O R M A L GAIT
As Whittle [1996] has observed, it is difficult to describe normal walking without 
sounding pompous. He goes on to define it as “a method of locomotion involving the use 
of two legs, alternately, to provide both support and propulsion... at least one foot being 
in contact with the ground at all times.” A pathological gait, particularly when using 
crutches may not be covered by this definition.
Normal gait is an energy efficient way of moving and at any particular speed involves 
regular cyclic movements of the whole body. These movements have been measured 
using instruments to detect the temporo-spatial characteristics of foot-fall patterns, 
kinematics, kinetics, muscle activity, and energy consumption.
2.1 GAIT CYCLE
The gait cycle is normally defined as the time interval between the contact of one foot 
with the ground and the next contact by that foot
2.1.1 Phases of gait cycle
The time during which the foot is in contact with ground is called the stance, support, or 
contact phase. It lasts from initial contact to toe off. The time when the foot is moving 
through the air is called the swing phase. Each phase is often further subdivided with the 
periods separated by major events.
2.1.2 Periods of the gait cycle
Seven periods of the gait cycle are often distinguished (Figures 2.1 and 2.2)
1. Loading response
2. Mid stance
3. Terminal stance
4. Preswing
5. Initial swing
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6. Mid swing
7. Terminal swing
2.1.3 Major events in the gait cycle
Seven major events in the gait cycle are often identified (Figure 2.1)
1. Initial contact (IC) Some authors included IC in periods
2. Opposite toe off (OT)
3. Heel rise (HR)
Initial contact Gait events
Loading
response
Terminal
swing Opposite . t o e  o ff .
Tibia vertical
Mid-Mid- /  \
swing /  Swing Stance 
I phaseJ phase
Terminal 
stance ,Initialswing
Pre­
swingFeet adjacent Heel rise
Gait periods
Opposite initial 
'X ^ c o n ta c t^ / '
Toe off
Figure 2.1. Gait cycle phases, events, and periods [Whittle, 1996]
4. Opposite initial contact (01)
5. Toe off (TO)
6. Feet adjacent (FA)
7. Tibia vertical (TV)
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2.2 SPATIO-TEMPORAL FACTORS
2.2.1 Gait cycle timing
The left foot is still on the ground when the right foot makes initial contact, thus there is a 
period of double support. The left foot leaving the ground marks a period of single 
support. The pattern of double support followed by single support is repeated when the 
left foot once again makes contact with the ground, as shown in Figure 2.2.
Double W------ swing ____ Double Stance
Support support ------------ ►
0% 10% 
Loading 
Response 
Initial 
Contact
A---------
30% 50% 60% 70%
Midstance Terminal Preswing Initial Midswing
Stance Swing
Left 
Foot
100%
Stance (60%)
Toe Off
85%
Terminal 
Swing
Initial 
Contact
■Swing (40%)-
Stride
Figure 2.2. Schematic representation of gait cycle [After Gage et al., 1995]
Right
Foot
The stance phase is about 60% of the cycle. This is made up of the two periods of double 
support (each about 10% of the cycle) and the single support period of about 40% of the 
cycle. The swing phase makes up 40% of the cycle. This varies with the speed of 
walking. For increasing walking speeds the swing phase becomes proportionately longer 
and the others shorter [Murray, 1967]. Running occurs when the double support phase 
vanishes.
2.2.2 Foot placement
Figure 2.3 shows the terms used to describe various aspects of placement of the feet. 
Stride length is the distance between two successive placements of the same foot.
Step length is the distance from one footfall to the next and is named after the lead foot. 
In normal gait the left and right step lengths are approximately equal, but this is not 
necessarily so in pathological gait.
Stride width (walking base) is the distance between the mid-points of the two heels.
Toe out/in is the angle between the direction of progression and the midline of the foot.
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Right step length . Left step length
Walking
base
RIGHT
; Stride length j
Figure 2.3. Terms used to describe foot placement [Whittle, 1996]
2.2.3 Cadence, cycle time and speed
The cadence of a walk is usually defined as the number of steps per minute.
Whittle [1996] suggests the use of cycle time in seconds instead of cadence.
The speed is usually measured in metres per second.
Thus:
Speed (m/s) = stride length (m) x cadence (steps/min)/120 Equation 2.1
Or:
Speed (m/s) = stride length (m) / cycle time (s) Equation 2.2
Walking speed therefore depends on two step lengths, each of which depend largely on 
the duration of the swing phase of each foot. Thus a short swing phase will reduce step 
length and walking speed. This is seen if a foot catches on the ground.
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2.3 KINEMATICS OF THE NORMAL GAIT CYCLE
Kinematics is the measurement or calculation of linear and angular displacements, 
velocities and accelerations without regard to the forces causing them. The methods for 
such measurements are considered later.
An example of displacement data is given in Figure 2.4, which illustrates the trajectory of 
one leg in the sagittal plane at 40 ms intervals during one gait cycle.
Figure 2.4. Trajectories of the right foot and leg in the sagittal plane. [Whittle, 1996]
Three planes of motion are usually considered; sagittal -  view perpendicular to the plane 
of motion taken from the sides, frontal (or coronal) -  view in the plane of motion taken 
from the front (or rear), and transverse -  view perpendicular to the plane of motion taken 
from above or below. Joint angles in the sagittal, frontal and transverse planes for hip, 
knee and ankle normalized to one gait cycle are shown in Figures 2.5 -  2.7. Values are 
means for 124 normal children aged 5-16 years [Rose SA et al., 1991]
Further, they illustrate how the angles are defined, the appearance of the joint and limb at 
different phases of the gait cycle and their correlation with the joint angles at defined 
positions.
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a) PELVIC TILT
30 
Ant,
20
10
Poet
25 50
% Galt Cycle
10073
b) HIP FLEXION-EXTENSION
45
Flex
26
Ext
ba
KNEE FLEXION-EXTENSION
70
Flex
40
10
Ext.
20
6 b dc
d) PLANTAR-DORSIFLEXION
30 
on  
10
a
10 
Pint 
-30
c
i 
»
Y \
b d \
i i
<
dc
Figure 2.5. Sagittal plane angular displacements for the pelvis (a), hip (b), knee (c), and ankle (d), 
solid line: mean, ± 1 standard deviation (dotted line). [Gage et al., 1995]
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a) PELVIC R0TÀT10*
30 
Int.
10
-1 0
EXt,
30 10050 7525 coa
b)
30 
lut «
-1 0
Ext.
-30
HIP ROTATION
s - " — — ^/1111IV'.I 
-
_________ 1______________
25 50 75
% Ga.lt Cyote
100
c) FOOT ROTATION
30 - 
In t .
-1 0
Ext.
Figure 2.6. Transverse plane angular displacements for the pelvis (a), hip (b), and foot (c). Schematics of 
the three levels are correlated with the kinematics at the points indicated, mean ± 1 sd.
[Gage et al., 1995]
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PELVIC OBLIQUITYa)
-5
Down
-15 1007550
% Galt Cyole
25
b) HIP AB-ADDUCTION
Ad.
-5
Ab.
b ca-15
Figure 2.7a. Frontal (Coronal) plane angular displacements for the pelvis (a) and hip (b). Schematics of 
pelvis and hip are correlated with kinematics at the points indicated, mean ± 1 sd 
[Gage et al., 1995]. Knee and ankle frontal plane motions were not shown in this publication.
Knee experiences 
approximately 8 degrees 
abduction on initial 
contact and loading 
response but degree of 
response is variable. 
[Perry, 1992]
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i
Abduction 1 Adduction
External
rotation
Internal
rotation
Abduction /' Adduction
/  Internal 
' rotation
External
rotation
Extension 1 Flexion
Flexion \ \ Extension
Fig. 1.2 Movements about the hip joint (above) and knee joint (below).
Other terms which are used to describe the motions of the 
joints or body segments are:
1. Varus and valgus, which describe an angulation of a joint 
towards or away from the midline, respectively; knock knees 
are in valgus, bow legs are in varus.
2. Pronation and supination, which are rotations about the long 
axis of the forearm or foot; pronation of both hands brings 
the thumbs together, supination brings the little fingers 
together {aide-mémoire: you can hold soup in your cupped 
hands).
3. Inversion of the feet brings the soles together; eversion causes 
the soles to point away from the midline.
Terminology in the foot is often confusing and lacking in 
standardization. This book has adopted what is probably the 
commonest convention (Fig. 1.3), in which the term pronation 
is used for a combined movement, which consists primarily of
Basic sciences 5
ANKLE
\ m  1 * D o r s i f l e x i o n  
V W F I e x i o n )
J 3 l a n t a r f l e x i o n  
( E x t e n s i o n )
TOES
\  ,  ,  ( E x t e n s i o n
F l e x i o n
HINDFOOT
JIB
( V a l g u s )  I n v e r s i o n  
( A b d u c t i o n )  ( V a r u s )  
( A d d u c t i o n )
SUPINATION
= inversion 
+ plantarflexion 
+ adduction
PRONATION 
= eversion 
+ dorsiflexion 
+ abduction
FOREFOOT
A b d u c t i o n  A d d u c t i o n  
( V a l g u s )  ( V a r u s )
\  L / \ R /
jZ-v [ b - N
FOREFOOT
(4E v e r s i o n  \ t \ 
I n v e r s i o n
Fig. 1.3 Movements of the ankle, toes, hindfoot and forefoot.
eversion, but also includes some dorsiflexion and forefoot abduc­
tion. Similarly, supination is primarily inversion, but also includes 
some plantarflexion and forefoot adduction. These movements 
represent a ‘twisting’ of the forefoot, relative to the hindfoot. 
Howeyer, some authorities regard pronation and supination as 
the basic movements, and eversion and inversion as the combined 
movements.
Bones
It could be argued that almost every bone in the body takes part 
in walking. However, from a practical point of view it is only 
necessary to consider the bones of the pelvis and legs. These are 
shown in Figure 1.4.
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88
Floor 
C o n tac t
rv d g u sOeate
HemdRotaflon ofTfota <
Valgus
Figure 2.7b Ankle valgus caused 
by hind foot eversion due to 
lateral line of support. Note 
coupling of motions (eversion 
causes medial rotation and 
internal rotation on tibia in 
transverse plane). [Perry, 1992]
20
% Gait Cycle 
40 GO 80 1 0 0
10
+ Toe Off
Figure 2.7c Eversion angles during gait cycle
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2.4 KINETICS OF THE NORMAL GAIT CYCLE
To understand the cause of a movement, a knowledge of the patterns of forces is required. 
Kinetics is the study of the causative forces and the resulting body segment energetics. As 
it is not usually ethical to mount transducers within tendons and joints in humans, it is not 
possible to measure directly muscle moments and joint reaction forces. Instead the 
external forces can be measured using force platforms. Estimates of segment centres of 
mass (CoM), joint centres, and moments of inertia can be obtained from tables derived 
from anthropological studies [Winter, 1990; Vaughan et al., 1999]. From these and 
kinematic data, an inverse dynamics approach can yield estimates of joint reaction forces, 
muscle moments, and kinetic and potential energies.
2.4.1 Force platform data
Figure 2.8 shows a sample output from the force platforms used in the gait laboratory. 
The vertical, mediolateral and anteroposterior components of the ground reaction forces 
(GRF) verses time in seconds are displayed in Newtons. The Pedotti chart combines the 
vertical and anteroposterior components and displays their resultant against position of 
the centre of pressure. The position of the centre of force display shows the heel to toe 
progression of the centre of pressure under each foot for the four footfalls recorded.
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2.5 ELECTROMYOGRAPHY (EMG)
Whilst the relationship between the magnitude of EMG signals and the magnitude of 
muscle force is complex, EMG gives a good estimate of the timing of muscular 
contractions. Thus EMG timing is an important tool in studying gait. Measurements of 
EMG were not made in this study. The main reason for this was the time taken to gain 
reliable measurements, relative lack of experience of the area on the part of the research 
team and that there appears to be evidence of changes in gait due to the electrodes being 
placed on the subject [Young et al., 1989].
However, as tibialis anterior was stimulated, knowledge of EMG evidence for the role of 
tibialis anterior and other related muscles (Figure 2.9) in gait is required. In normal 
humans, the pre-tibial muscles cause active dorsiflexion during the latter part of the 
swing phase. Calf muscles, particularly gastocnemius and soleus, contract first during the 
stance phase, smoothly decelerating the leg and produce the main propulsive force 
towards the end of that phase [Bresler and Frankel, 1950]. These points are dealt with in 
greater detail in the next chapter. The importance of the calf muscles in forward 
propulsion in humans as compared with other animals is reflected in their comparatively 
larger size [Forssberg, 1992].
Heel strike and push off are of special interest. In quadrupeds and non-human primates 
the calf muscles are active before touch down and cease activity before the stance phase 
ends, with the main propulsive force at the end of stance being due to increased activity 
in the quadriceps. This is in contrast to the action of the calf muscles in normal mature 
humans [Manter, 1938; Gage, 1995].
More specifically:
1. Tibialis anterior (TA) (together with other prétibial muscles -  extensor digitorum 
longus and extensor hallucis longus) is active for a greater proportion of the gait 
cycle than any other muscle group in both children and adults (Figures 2.10 ).
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2. TA plays a reciprocal role with gastocnemius and soleus, actively dorsiflexing the 
ankle around heel strike to control foot contact. During the swing phase it is again 
active and prevents the toes from dragging on the ground during midswing. 
However around heel-off it is quiescent, allowing the foot to be actively 
plantarflexed by gastocnemius and soleus (often collectively called triceps surae). 
The latter also have a role in controlling ankle dorsifexion after heel strike, as will 
be seen in the next chapter.
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Figure 2.9. Muscles of the lower leg and feet [Tortora and Grabowski, 2000]
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Figure 2.10. Times of activity for adults together with an estimate of the intensity of the EMG for 28 of 
the major muscles of the lower extremities as a function of the gait cycle 
[Vaughan et al., 1999]
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2.6 ENERGY CONSUMPTION
2.6.1 Physiological Cost Index
Although the rate of oxygen uptake can be used to assess energy expenditure during 
walking, the instruments to do this are not practical for the clinical setting. Instead, heart 
rate can be more easily monitored.
Butler et al., [1984] developed a formula for the Physiological Cost Index (PCI) of 
walking, based on reports that oxygen uptake and heart rate are linearly related at 
submaximal levels. The PCI is a gait efficiency measure and is expressed in heart beats 
per meter travelled.
It is calculated using the equation:
PCI = (HR(w) - HR(r) ) / S Equation 2.3
Where: HR(w) = Heart Rate Walking (heart beats/minute)
HR(r) = Heart Rate Resting (heart beats/minute)
S = Speed of Walking (metres/minute)
This team of researchers established norms with 72 children between 3 and 12 years. The 
mean PCI was 0.4 heart beats/metre with a standard deviation of 0.13. No appreciable 
difference existed with age in this age group. They found that although the speed of 
walking increases with age, the resting heart rate decreases and the ratio remains 
relatively constant. Test/retest reliability was within 0.1 heartbeats/meter.
Rose et al. [1989, 1990] using a treadmill, confirmed the linear relationship between 
oxygen uptake and heart rate in normal children, with a similar relationship in those with 
CP. High test-retest reliability was reported by Bailey and Ratcliffe [1995] for non-steady 
state, steady-state, or post-exercise heart rate values in normal adult females albeit with 
lower reliabilities for non-steady state conditions. They also suggested that the most 
accurate resting heart rate may be found during the post exercise recovery period, rather 
than the more commonly measured pre-exercise heart rate, which was also measured in
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the study of this thesis. However they concede that this measure gives less repeatability 
than pre-test heart rate. They conclude that further study is required to examine test-retest 
reliability for patients with locomotor disabilities. Finally they emphasise the need for 
continuous telemetry to monitor heart rate and steady state conditions.
For those with gait impairments the effort of walking is often significantly higher than in 
normals. For example in a study of children with CP, Boyd et al. [1999] found that in 9% 
of their subjects, heart rate continued to rise during walking trials, with gas analysis 
showing the onset of anaerobic activity. Thus they were fatiguing before steady state was 
achieved. At this point the assumptions underlying the relationship between heart rate 
and oxygen consumption used for calculating PCI break down.
As an example of the need to reach steady state, Hood et al. [2002] suggest that the 10 
metre walks taking 16 seconds used by Burridge et al. [1997] was not sufficient to reach 
steady state. This is a similar length of time to that of the study reported in this thesis. 
Hood et al. [2002] went on to propose a new method of estimating energy expenditure 
they call “the total heart beat index” (THBI).
In this method heart rate is measured at 5 second intervals. The total number of heartbeats 
during the activity is recorded, as is the distance travelled. THBI is calculated by dividing 
the total number of heart beats by the distance travelled in metres.
On tests with unimpaired subjects and spinal cord injury patients, high reproducibility 
was found for steady state and non-steady state conditions. Both measures being better 
than those obtained for oxygen consumption, oxygen cost and PCI. As this paper was not 
published until after the thesis study was completed it was not possible to use its methods 
and compare results with those we obtained. However it does underline the need for care 
in collecting data for estimates of energy consumption.
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3 THE PREREQUISITES OF NORMAL GAIT
According to Gage [1995] the prerequisites of normal gait are
1. stability of the foot and ankle, and the entire lower limb, in stance phase
2. clearance of the ground by the foot in swing phase
3. proper pre-positioning of the foot in terminal swing
4. adequate step length
5. maximum energy conservation
He goes on to suggest that the principal component needed for normal gait is the integrity 
of the nervous system; i.e. a normally functioning brain, nerve tracts and motor units, 
with normal muscles working by means of the levers of the skeletal system to translate 
muscle contraction into desired motions.
Integrity of the central nervous system allows control of balance and selectivity of muscle 
control. A well functioning peripheral nervous system allows proprioception for the fine 
adjustments needed for posture and movements of all kinds.
3.1 STABILITY OF LOWER LIMB
The foot and ankle are key elements for lower limb stability, with both neuro-muscular 
and passive tissues playing vital complimentary roles, as detailed below.
3.1.1 Foot
The ankle plays a pivotal role in gait, especially during the stance phase. Perry [1974] 
introduced the concept of three foot rockers (Figure 3.1).
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1st 2nd 3rd
The ankle in stance: three foot rockers. The first two are deceleration rockers and so their 
respective muscles are acting eccentrically, i.e. undergoing a lengthening contraction with energy 
absorption (negative work). Third rocker is an acceleration rocker and so the plantarflexors must act 
concentrically, i.e. produce positive work. The point of application of the GRF is forced to move 
forward with each successive rocker, thus allowing the center of mass to move forward with it.
Figure 3.1. The three foot rockers [adapted from Gage, 1991]
The following discussion is a summary of Gage [1991, 1995]
The 1st Rocker operates during the loading response i.e. between initial contact of the 
heel until the foot is flat on the walking surface. It involves a controlled lowering of the 
forefoot to the floor, with the heel as fulcrum, by means of eccentric contraction of the 
dorsiflexors of the ankle against the moment produced by the GRF tending to push the 
forefoot onto the floor due to the lever arm of 25% of foot length between heel and ankle. 
It is absorbing the downward momentum generated by the centre of gravity of the body 
falling, decelerating the body, a process that continues during second rocker.
Anything that prevents heel strike will produce an abnormal first rocker. Two of the most 
common causes for this are:
1. Paralysis of the dorsiflexors as seen in peroneal palsy, or
2. Over activity of the plantar flexors as seen in the toe gait of CP.
During the second rocker the foot remains flat on the ground (i.e. during mid-stance), 
while the tibia advances to allow continued forward motion of the body. This motion is 
due to the GRF moving in front of the ankle joint causing a dorsiflexion moment, which 
is resisted by the eccentric contraction of Triceps Surae (TS). Thus the rocker has moved
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from the heel to the ankle. Spasticity of the plantar flexors prevents tibial advancement 
and commonly causes relative hyperextension of the knee as the body attempts to move 
forward (Figure 5.13).
Towards the end of mid stance, the action of TS arrests the forward motion of the tibia, 
about the ankle joint. In terminal stance the action of TS becomes concentric; this pulls 
the heel up and forces the fulcrum forward onto the metatarsal heads (Figure 2.9), which 
form the third rocker. Peak power is produced, which imparts a forward and upward 
acceleration during pre swing, falling to zero at the end of it as the foot moves into initial 
swing. Weakness of the plantarflexors prohibits push-off and can cause persistence of 
crouched gait, commonly seen in CP (Figure 5.10).
3.1.2 Knee
Gage suggests that what he terms the plantar flexion/knee extension couple is responsible 
for the stability of the knee in mid stance (Figure 3.1). An AFO is sometimes used to 
substitute for weak calf muscles. Providing strengthening for calf muscles is a possible 
role for FES, as it may be applied to these muscles.
Figure 3.1. Illustration of plantarflexion/knee extension couple in normal gait and role of 
AFO in substituting for weak calf muscles [Gage, 1991].
Normal
Gait orSolid
AFO
Floor Reaction Orthosis 
 Ankle
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3.1.3 Hip
Functioning hip abductors are needed to stabilise the hip joint for stance
Hip Abductors
Ground Reaction Force
~ — 1 5  ° Pelvic Drop
The coronal plane, mid-stance. In single 
support with bodyweight roughly in the midline, the 
GRF acts to drop the pelvis on the unsupported 
(swing) side. This must be resisted by an abductor 
moment generated by the gluteus medius and the 
other hip abductors. Eccentric action of these muscles 
during loading response produces a slight drop of the 
pelvis on the swing side which acts to smooth the 
trajectory of the center of mass and thereby reduce 
energy expenditure. This reverses in mid-stance and 
terminal stance as concentric action of the hip 
abductors levels the pelvis. Throughout the duration 
stance the GRF passes medial to the ankle, knee and 
hip, creating an external adduction moment at each 
joint.
Figure 3.2 Role of hip abductor muscles in gait [Gage, 1991]
3.2 CLEARANCE OF THE GROUND BY FOOT IN SWING PHASE
As children with toe gait are prone to tripping due to lack of toe ground clearance, this is
a particular relevant priority. In normal adults with bare feet Murray [1967] found a mean 
clearance of 14 mm, with a range of 1-38 mm. Minimum clearance takes place around 
feet adjacent.
3.3 PROPER PRE-POSITIONING OF THE FOOT IN TERMINAL 
SWING
In normal gait the foot is broadly neutral (little ankle dorsi- or plantar-flexion) to allow 
heel strike and is due to TA being active. Children with toe gait lack this and exhibit 
inverted or everted foot postures, which generate large varus or vagus moments. These 
cause resisting activity in tibialis posterior and the peroneals, further plantar flexing the 
foot, or, if these muscle cannot respond, to foot instability [Gage, 1991]
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3.4 ADEQUATE STEP LENGTH
To obtain adequate step length, the knee must be fully extended in terminal swing
3.5 MAXIMUM ENERGY CONSERVATION
This may reflect some mechanical aspects of energy conservation such as (1) optimizing 
the transfer of energy between one segment and another, and (2) the minimizing of 
excursions of the centre of mass [Winter, 1990]. The path of the centre of mass (CoM) is 
believed to be optimized by a series of “determinants of gait” [Saunders et al., 1953] in 
which the motions of the leg and foot segments synergise to minimize excursions of the 
CoM in all three planes. Figure 3.3 shows the motion of the CoM in a diagrammatic 
perspective.
Figure 3.3 Diagramatic perspective view of lower limb segment motions and resulting 
path of the CoM [Inman et al., 1981 pl3]
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4 NORMAL GAIT DEVELOPMENT
A long period of development is required to learn walking in humans compared with 
other terrestrial species. This suggests that environmental influences play a larger role in 
forming human postural and movement patterns, as shown by the sight of a young baby 
practicing both for long periods before being able to be proficient. This would make the 
individual variations in gait, which are readily seen, more likely. A quote from Peiper 
about this process makes this especially poignant [Peiper, 1961]
"Progress is made possible by the strong urge for movement and activity, which 
continually drives the child to new experiments and which is not inhibited by many 
failures"
The ontology of human locomotion can be divided into several stages [Forssberg, 1992].
1. Locomotor like limb movements at 10-12 weeks of uterine life [de Vries et al., 
1984].
2. Similar stepping movements can be elicited after birth when the child is held erect 
and slowly pulled forwards [Peiper, 1961].
3. These usually diminish and often disappear, marking what is called the inactive 
stage.
4. Supported locomotion emerges at 7-9 months. At this stage although children can 
voluntarily elicit the previously reflex stepping and now can support body weight, 
they need support to maintain balance.
5. Independent walking develops between 9 and 18 months, mainly reflecting the 
development of the postural system.
During the early developmental phases modifications of the pattern do occur but the 
factors which allow the foot to be fiat on the ground after initial heel contact are lacking. 
[Forssberg, 1985]. Kinematic, kinetic and EMG studies show that flexor and extensor 
muscles are coactivated, producing synchronized flexion and extension at all the leg 
joints. The calf muscles are activated towards the end of the swing phase, plantar flexing
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the foot before ground contact. This, in combination with a rotation of the leg at the end 
of swing, places the foot flat on the ground or on the toes. Foot contact elicits short 
latency EMG bursts in several leg muscles, indicating hypersensitive segmental stretch 
reflexes. There is no push off; instead a synchronised flexing of all the joints moves the 
leg forward (Figure 4.1).
A
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6 weeks (J.H.) B 8 weeks (J.E.)
VERT
HEEL
VERT
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v e r t  r x
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VL Ak  ». iwJUJLJhAw^ Kk,
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STANCESTANCE
C ADULT
STANCE
Fig. 4A-C. Force pattern and EMG-pattern of infant stepping from two different subjects 6 and 8 weeks old. A t the top the knee rotation 
and the elevation of the foot are plotted. Reaction forces to the foot, recorded by a forceplate, are displayed in the middle. F, indicates the 
vertically directed force; Fy und F , the longitudinal and transversal components, respectively, in the horizontal plane. A backward reaction 
force is plotted upwards in F,.. Tn C the force pattern from adult human step is shown for comparison. Note the double peak in F,;thc 
backward directed force in Fy in beginning of stance; the forward thrust in the end of stance. In A rectified and filtered EMGs are plottedai 
well. Note the brisk EMG-pcaks following the contact signal from the force plate but note also the activity in LG prior to touch down
Figure 4.1 Kinematic, Kinetic and EMG recordings of infant stepping. EMG traces are 
of LG, lateral gastrocnemius; HAM, hamstrings; VL, vastus lateralis (quadriceps). 
[Forssberg, 1985]
6. The change to plantigrade gait (foot flat on the ground led by initial heel contact) 
begins when the child starts supported locomotion and continues until about up to 
4 years of age (Figures 4.2 — 4.5). The heel is first placed on the ground between 
18 and 24 months [Sutherland et al., 1980]. Prominent heel strike due to active 
dorsiflexion often does not occur until after age 2 [Forssberg, 1985].
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Figure 2,1 ♦ (A) Gait of 1 year-old girl. Tracings from individual movie frames 
throughout one full gait cycle. The individual frames coincide with significant 
gait events. Walk cyde begins with right fbot-strike on the left and ends with 
foot-strike of the same foot on the right, [ B )  Frontal view (FS foot-strike,
OTO = opposite toe-off, OFS = opposite foot-strike, and TO =  toe-off).
Figure 4.2 Sagittal and frontal views of toe or flat foot first contact walking pattern in 
one year old girl [Sutherland et ah, 1988]
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FS
Figure 2,3, (A) Two-year-old normal male gait pattern demonstrates presence 
of heel-strike at the time of foot contact, reciprocal arm swing and greatly 
increased step length, (B) Frontal view (see Fig. 2.1 for abbreviations).
Figure 4.3 Sagittal and frontal views of heel first contact walking pattern in two year old 
boy [Sutherland et ah, 1988]
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A FS OTO O FS TO F S
FS
OTO
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TO
F S
Figure 2.5. (A) Three-year-old normal male gait pattern shows Vigorous gait, 
reciprocaL arm swing, well-developed heel-strike and smooth movements
^beviati™ ) lghtly h o m  an adult (fl) Frontal view (see Fig. 2.1 for
Figure 4.4 Sagittal and frontal views of near adult walking pattern of three year old boy 
[Sutherland et al., 1988]
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FS
Figure 2.7. (A) Seven-year-old normal female gait pattern. [B] Frontal view 
(see Fig. 2.1 for abbreviations).
Figure 4.5 Sagittal and frontal views of walking pattern of seven year old girl which is 
almost indistinguishable from an adult [Sutherland et al., 1988].
Page 4-6
Chapter Four: Normal Gait Development
There is an increasing delay in the onset of calf muscle activity with age. Whereas 67% 
of children aged 1 year exhibited the onset of TS activity during swing, this fell to 
between 13 % and 32 for later ages. (Figure 4.6).
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Figure 4.6 Development of delay of activation of TS [Sutherland et al., 1988]
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Meanwhile the muscle activation pattern is shaped to produce the out of phase joint 
movements characteristic of plantigrade gait. There is a change from stretch-induced 
reflex EMG for TS together with continuous TA activity To clearly selective reciprocal 
contractions of the muscle by between 4 and 6 years (Figure 4.7).
o n l libiol ont lib io l m
B t  yeors1A 6 yeors
OQtiMoml goniometer rwank le joint goniometer
to1to­
ts Is
gaslrocn m C
C 1 year
onkte joint goniometerankle joint goniometer
•to*lo­
ts 200 300 ms
Fig. 3A -C . Rectified and averaged (n * 10) EMG o f  tibialis anterior and gastrocnemius muscles together with the averaged goniometer signal o f 
ankle jo in t angle o f three children o f  different ages during stepping. In C the gastrocnemius-EMG and goniometer signal o f a 1-year-old child is 
shown on another time scale to  demonstrate the delay o f  about 25 ms between onset of stretch and appearance o f  the reflex potential. Arrows 
indicate touch down ( I )  and lift up  ( t ) o f  the fo o t  1 arbitrary unit equals about 1 mV
Figure 4.7. Development of reciprocally organized activation of antagonistic muscles 
[Berger et al., 1984]
The higher energy expenditure required by children for gait compared to that of adults 
indicates that some further development of coordination may continue up to 12 years 
[Waters et al., 1983].
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5 GAIT IN CHILDREN WITH CEREBRAL PALSY
In order to relate FES to the difficulties of children with CP, it is necessary to gain some 
understanding of the neurological damage responsible for these problems. In addition the 
kinds of CP may have an effect on the responsiveness of children to the treatment. A 
brief overview of the development of CP gait, the neurology of muscle control and the 
types of CP treated in the study, follows.
Prior to independent walking, children with CP have a similar gait to non-impaired 
children. However they retain this non-plantigrade pattern when normal children 
transform their walking to plantigrade gait [Berger et al., 1984]. All leg muscles are 
activated together in a uniform pattern with a high degree of co-activation. The sharp 
reflex spike after foot contact is retained. The foot is placed on the toes or forepart of the 
foot and some children even walk on their toes. This is thought to be a result of premature 
activation of the calf muscles during the swing phase. The absence of enhanced calf 
muscle contraction towards the end of the support phase results in a loss of much of the 
propulsive force during plantigrade locomotion, which is also reflected in the initiation of 
the swing phase with a disturbed sequence of joint movements at lift off (Figure 5.1).
oht.BbioLm. I;
go5trecn.m.
onto joH goniometer ■lar ankle joint goniometer
1 year old norm al child 11 year old child with CP
Figure 5.1. Rectified and averaged recordings of EMG and ankle goniometer of healthy 
1 year old normal child and an 11 year old child with spastic hemiplegic CP. Arrows 
indicate touch down ( ) and lift off ( ) of foot. Compare with Figure 4.8 for normal older 
children. [Berger et al., 1984]
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A variety of patterns may emerge, probably depending on the nature of the brain lesions 
and secondary musculoskeletal malformations.
Gage [1991] lists the following characteristics of children with CP:
1. Loss of selective muscle control
2. Dependence on primitive reflex patterns
3. Abnormal muscle tone, leading to contractures in growing children
4. Relative imbalance between agonists and antagonists
5. Deficient equilibrium reactions
5.1. NEUROLOGICAL LEVELS OF MUSCLE CONTROL
Perry [1974, 1978] suggests that there are five levels of neurological control of muscle 
which allow us to move normally. Four of these levels of neurological control are at 
different spinal and/or subcortical levels (Table 5.1)
Table 5.1. Neurological levels of control and their effects on gait [Perry, 1974]
Clinical sign Stimulus Neurological level
Spasticity Quick stretch Reflex arc from muscle
(rigidity) (slow stretch) spindle
Mass limb reflex: Hip and knee: Spinal cord -
Extension Extension or multisegmental
Flexion Flexion interactions
Erect postural tone Trunk and head Vestibular system in
upright brainstem
Primitive locomotor Desire to stand or Mid brain/
patterns step subthalamic area
Selective control Normal volition Cerebrum
Damage at the cerebral level prevents selective control and releases the lower centres 
from its inhibitory influences, producing primitive patterns of gait. These levels are 
considered in ascending order of complexity.
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5.1.1 Spasticity
Children with CP have damage to nerve cells in the brain which convey messages to 
other cells in the spinal cord which in turn activate motor units directly. The former nerve 
cells are called upper motor neurons and the latter, lower motor neurons (Figure 5.2.).
Upper
motor
neuron
Bram
(frontal
section)
A
Spinal cord
Lower
motor
neuron
Figure 5.2 Diagrammatic view of 
upper and lower motor neurons 
[after Bastian, 1993]
A muscle is made up of a number of motor units, comprising varying numbers of muscle 
cell groups and their activating lower motor neuron (Figure 5.3.).
Spinal cord
Lower motor 
neurons
Muscle fibers (cells)
Neuromuscular
junction
Figure 5.3 Diagrammatic view of two motor units showing their respective lower motor neurons and 
muscle cells, [after Tortora and Grabowski, 2000]
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Upper motor neurons can produce both excitation (stimulating the lower motor neurons 
to cause a motor unit contraction) and inhibition (preventing the lower motor neurons 
activating a motor unit). Thus the upper motor neurons bring about selective control, 
ensuring appropriate motor units are contracted whilst others, which would conflict with 
a coordinated response, are not.
At the peripheral level of the nervous system (in this case between the spinal cord and the 
motor units concerned, as shown in Figure 5.4.), the sensitivity of a muscle to stretch is 
controlled by the stretch reflex.
This reflex has a stretch receptor called the muscle spindle as its sensor, comparison of 
the signal from the sensor with that desired is made in the spinal cord. Change of the 
muscle stiffness is accomplished by the muscle fibres being activated or relaxed. The 
sensitivity of the muscle spindle to stretch is set by a separate control circuit, thus making 
a modulated response to stretch possible. Naturally, the real system is much more 
complex than as outlined with multiple feedforward as well as feedback components.
A lesion of the upper motor neurons can prevent the descending inhibitory influences 
from modulating the responses of the lower motor neurons. This prevents an inhibition of 
the stretch reflex arc, causing it to become hypersensitive. A well known clinical test for
Muscle spindle 
(sensor) SENSORY
NEURON
Spinal nerve
Motor units 
(effector)
peripheral motor 
neuron
Antagonistic muscle relaxes Motor neuron to 
antagonistic
To brain
Association neuron 
(inhibitory)
muscle
Figure 5.4. Simple stretch reflex, [after Tortora and Grabowski, 2000]
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spasticity is a quick and maintained stretch of the calf muscles. This induces clonus 
(oscillatory muscle contractions) as shown in Figure 5.5a.
A second aspect of spasticity is hypersensitivity to slow stretch, which leads to rigidity 
due to sustained muscle action. (Figure 5.5b). Thus in the stance phase of gait, the slow 
stretch of TS does not produce the yielding quality of eccentric muscle action seen in 
normals. Instead the muscle becomes very stiff, causing persistent ankle plantarflexion 
and toe gait.
RESPONSE TO STRETCH
FAST
m m
b. SLOW
Figure 5.5. EMG of spastic 
muscle responses to different 
speeds of stretch 
a. fast, b. slow [Perry, 1992]
Example of spastic hemiplegic gait
Figure 5.6 shows a typical walking pattern for a 9 year old boy with spastic hemiplegic 
CP. It can be seen that the foot on the affected side lands toe first and that in this case the 
heel does not reach the ground at all. This is because spasticity in soleus and 
gastrocnemius causes persistent ankle plantarflexion.
Page 5-5
Chapter 5: Gait development in children with cerebral palsy
FS OTO OFS TO
FS
OTO
OFS
TO
FS
Figure 9.1, (A and B) Patient J.W., age 9 years: right hemiplegia. Preoperative 
tracings from side (A) and front (B) camera. (FS = foot-strike, OTO = opposite 
toe-off, OFS = opposite foot-strike, TO = toe-off.)
Figure 5.6 A. Sagittal view of 9 year old boy with right hemiplegia. (Sutherland, 1984)
Compared to the normal 7 year old child shown in Figure 4.6, there is a loss of the ankle 
and forefoot rockers (Figure 3.1). It can also be seen that hamstring spasticity causes 
persistent knee flexion, limits the effectiveness of terminal swing, and restricts thigh 
advancement in stance. Hip flexor spasticity similarly restricts progression in mid and 
terminal stance, while sustained quadriceps action inhibits pre swing preparation for limb 
advancement, which inhibits forward movement.
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Figure 5.7 EMG timings for boy seen in Figure 5.6 compared to normal adult and 
timings for the same boy 1 year after surgical intervention. (Sutherland, 1984)
100
EMG timings shown in figure 5.7 confirm these observations, in particular soleus shows 
an immature pattern (cf Figure 4.7). Comparing normal adult, pre-operation and post­
operation shows a change towards normality. The effects of surgical intervention on the 
movements of the same boy is shown in Figure 5.8. It is evident from this that the foot 
placement is closer to normal with the foot reaching the horizontal at initial contact.
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Figure 9.1. (E and F) Patient J.W. Film tracings 1 year after tendoachilles 
lengthening and posterior tibial transfer through the interosseous space to 
dorsum of the foot, side (E) and front (F) camera.
Figure 5.8. Effect of surgical intervention of same boy shown in Figure 5.6 (Sutherland, 
1984)
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5.1.2 Mass limb reflexes
Spinal cord multisegmental interactions are triggered by limb position. Thus extension of 
the hip and knee produce activity in the hip and knee extensors - gluteus maximus and 
quadriceps, and the ankle plantarflexors. Flexion of the hip produces activity of the hip 
and knee flexors and the ankle dorsiflexors (Figure 5.9).
5.1.3 Erect postural tone
The position of the trunk and head in space influences the postural tone of the extremities 
and trunk via the vestibular system.
5.1.4 Primitive locomotor patterns
The midbrain, extrapyramidal locomotor centre allows the patient to use primitive reflex 
patterns voluntarily for ambulation in the absence of selective motor control and thus 
make use of the mass reflexes described above. They step using the mass flexor reflex
Figure 5.9. Spinal cord 
multisegmental interactions 
causing mass limb reflexes 
[Perry, 1992]
Mass Flexion
a
Mass Extension 
b
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and attain stance stability using the mass extensor reflex. Smooth transition between 
swing and stance are interfered with by the inability to mix extension and flexion. The 
intensity and timing of muscle actions in different gait phases are also affected, with 
resulting characteristic gait problems.
5.1.5 Selective Control
With selective control, gait is normal
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5.2. CP GAIT TYPES
Although there are other types of CP, the study performed was restricted to children with 
hemiplegia and diplegia. As a result these are the only forms discussed in the following 
account. Toe gait is considered in this context.
5.2.1 Hemiplegia
Hemiplegia usually displays spasticity and loss of function in some or all the muscles on 
one side of the body, with the other side being relatively unaffected. The arms are usually 
more affected than the legs and such children typically walk with one arm flexed and 
immobile, as shown in Figure 5.10.
The severity of the condition has been categorized onto four sub-types [Winters et al., 
1987].
Figure 5.10. Typical posture in spastic hemiplegia (Bleck, 1987)
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5 . 1 . 1 . 1  T y p e  I
Foot drop on the affected side. This causes:
Toestrike initial contact.
Increase in functional leg length during swing.
These cause the following compensations:
Increased flexion of the hip and knee at initial contact (called steppage, Figure 
5.11) and increased lumbar lordosis (Figure 5.12).
The foot drop is normally treated with a simple ankle-foot-orthosis (AFO)
One of the aims of stimulating tibialis anterior is to prevent the foot drop which causes 
the initial toestrike contact and the subsequent compensations.
Increased 
lordosis '
Figure 5.11. Steppage 
Foot drop increases functional leg 
length necessitating increased hip 
and knee flexion to improve ground 
clearance. [Whittle, 1996]
Figure 5.12. Increased lumbar 
lordosis caused by a fixed 
flexion deformity of the hip. 
The pelvis is made to rotate by 
movement of femur into the 
vertical,, increasing lumbar 
lordosis. [Whittle, 1996]
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5 . 1 . 1 . 2  T y p e  I I
As well as having foot drop, these patients have static or dynamic contractures of the calf 
muscles, which hold the ankle in plantarflexion throughout the gait cycle. This group 
shows the signs above. The difference between the groups is seen after mid-stance, with 
hyper-extension of the knee caused by the premature arrest of the second rocker due to 
the calf muscle contractures just referred to (Figure 5.13) with a decrease in the opposite 
side’s step length. Gage [1991] suggests surgical lengthening of appropriate calf muscle 
and treatment of any residual drop-foot with an AFO
x
Figure 5.13. Knee 
hyperextension in mid 
stance. (Perry, 1992)
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5.1.13 Type III
These children have drop foot, contracted calf muscles, and overactivity in both 
quadriceps and hamstrings.
As well as the signs of the other two types, affected children exhibit a reduction 
in knee range of motion.
There is a marked reduction in swing phase flexion, an increase in the swing 
side’s functional leg length and thus difficulty with foot clearance, causing 
vaulting on the unaffected side (Figure 5.14).
Suggested surgery according to Gage [1991] is hamstring lengthening with 
tendon transfer of rectus femoris to convert it into a knee flexor.
Figure 5.14. Vaulting 
Subject goes on to toes of 
supporting leg to increase ground 
clearance for the contralateral foot. 
[Whittle, 1996]
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5 . 1 . 1 , 4  T y p e  I V
In addition to the problems above, children in this group also have reduced hip movement 
range, due to overactivity of iliopsoas and the hip adductors. This restriction holds the hip 
in flexion, causing anterior pelvic tilt and increased lumbar lordosis at the end of the 
stance phase to preserve stride length. These special features are treated by lengthening 
psoas as well as the surgery for the other levels.
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5.2.2 Diplegia
Prominently spastic, this condition is bilateral, primarily affecting the legs although not
necessarily equally. Particular problems are twisting of the femur (femoral anteversion)
and lack of stability in standing and walking (Figure 5.15).
According to Whittle [1996] the commonest pattern consists of:
1. hip flexion and internal rotation, due to overactivity of iliopsoas, rectus femoris and 
hip adductors.
2. Knee flexion, due to overactivity (spasticity) of the hamstrings, especially on the 
medial side, or a flexion contraction of the hip (Figure 5.16).
3. Equinus deformity of the foot (Figure 5.17) and eversion of the hindfoot, due to 
overactivity by the triceps surae and peronei.
Lumbar lordosis is a result of the hip flexion (Figure 5.12)
The knee is almost fixed due to co-contraction of the hamstrings and quadriceps. Flexion
is due to the hamstrings being the most powerful.
The equinus deformity causes primary toestrike and loss of all three foot rockers.
Figure 5.15. Typical spastic diplegia 
posture
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Figure 5.17. Talipes Equinus 
Equinus deformity of the foot, 
Figure 5.16. Excessive knee flexion: producing toe gait,
in late stance phase there is increased knee [Whittle, 1996]
flexion, necessitated by a flexion 
contraction of the hip [Whittle, 1996]
5.2.3 MEASUREMENTS OF CP GAIT
Due to these kinds of deficits CP gait is typically slower than that of normals. In addition 
they are often manifested in a lower cadence (increased cycle time) and shorter step 
lengths (especially on the contralateral side), with a reversal of the normal heel-toe 
contact sequence on the affected side, increased knee flexion at foot contact and is less 
efficient than normal gait (Sutherland, 1984, Rose et ah, 1990).
As a result, in order to quantify any changes due to FES, the following indicators were 
measured in the current study: cycle time, step length, stride length, speed, heel-toe 
interval, knee flexion angle at initial foot contact, and physiological cost index (PCI). The 
methods used to analyse gait in order to make these measurements are now considered.
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6 GAIT ANALYSIS
The information presented on normal and CP gait has been made possible by modem gait 
analysis methods, both qualitative and quantitative.
6.1 OBSERVATIONAL GAIT ANALYSIS
Historically, normal and abnormal gait in patients has been appraised using clinical 
assessment and observation with the naked eye. These approaches are appealing because 
of their simplicity and low cost. According to some commentators, they can be useful and 
reliable when observers are knowledgeable and experienced [Harris and Wertsch, 1994; 
Lee et al., 1992], or when thorough checklists of behaviors like the Gross Motor Function 
Measure (GMFM) or Gross Motor Performance Measure (GMPM) are used [Boyce et al., 
1995; Malouin, 1995].
The Physicians Rating Score, in various versions, has also been used [Roman et al., 1994; 
Boyd and Graham, 1999]. A report by Pirpiris et al. [2001] draws attention to their 
findings that its repeatability was low in their samples and that this scale came into 
general use without an analysis of its validity. However a study by Mackay et al. [2003] 
compared a modified version of the Scale used on video recordings with simultaneously 
taken three-dimensional gait analysis. For knee and foot positions in mid-stance, initial 
foot contact and heel rise; intra-rater and inter-rater reliability (using weighted kappas to 
obtain measures of agreement scores) varied between 0.53-0.91 and 0.43-0.86, 
respectively. The validity of these measures compared with the 3D analysis was 0.38-
0.94. The researchers conclude that the reliability is “acceptable.. .and might also have 
high validity”. On the other hand base of support and hind foot position had lower intra- 
and inter-rater reliabilities and were not easily validated by 3D gait analysis.
The Rancho Los Amigos Observational Gait Analysis System [Rancho Los Amigos, 
2001] has been developed over many years, however only one published assessment of 
its reliability and validity was found [Groth et al., 1999]. This study of 26 variables 
assessed by three raters found reliability varied considerably.
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In general, no standardized visual gait analysis method is in universal use [Malouin, 
1995]. Also, visual gait assessments are subjective, can have low inter- and intra-rater 
reliability [Gage, 1991; Malouin, 1995, Stuberg et al., 1988 and 1990], and are limited by 
the finding that the human vision can not detect many events simultaneously or those that 
occur more quickly than about 1/16th of a second [Gage, 1991].
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6.2 QUANTITATIVE ANALYSIS - KINEMATICS
6.2.1 Cine Based Methods
Until the 1980’s gait analysis was largely carried out by multi-exposure still photographs 
or cine-film. For example Sutherland et al. [1980, 1988] used cinefilm, force platform, 
and EMG, to measure kinematics, kinetics and timing of muscle activity in normal 
children. Kinematic data were digitised in two dimensions manually from the film by 
sighting on markers attached to the subjects. The resulting x-y coordinate data were used 
to calculate angular rotations. Sutherland states that the reproducibility of such data was 3 
degrees for intra-personal measurements and 5 degrees for inter-personal measurements. 
In addition they used anthropometrical and clinical measures to estimate range of motion 
(active and passive), muscle strength, somatotyping, weight-height ratio, and give a 
postural description of each child. Measurements of energy consumption were not 
reported.
They stated that their aim was “To fill the urgent need for normative data due to 
increasing application of gait analysis to the study of pathological gait.” To do this they 
studied the normal development of gait from age of onset of walking (just before 1 year) 
to 7 years, for 10 age groups: half-yearly from 1-4, then yearly up to 7. They investigated 
the gait of 309 children and performed a total of 449 studies.
Their objectives were:
1. Outline changes in gait from age of onset of walking to 7 years.
2. Define mature gait in terms of specific gait parameters.
3. Provide a substantial database for comparing children with possible gait problems 
against normal children of the same age.
This study was followed by a number of studies of children with pathological gait 
[Sutherland, 1984]. In this monograph Sutherland included data for four children with 
CP.
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6.2.2 Computerized Methods
Kinematic analysis is now almost exclusively carried out using computerized passive or 
active marker-detection systems. As the system used in this report uses passive markers, 
active marker systems are not considered further. The main reasons for this are ease and 
speed of analysis and presentation of the results in a form accessible to clinical 
colleagues. In terms of speed; Sutherland [1988] reports that studies, which required 4-6 
weeks analysis using cine, could be completed in 10 days using a Vicon system (Oxford 
Metrics Ltd., Oxford, UK) and computer based EMG.
In the light of results obtained by Kadaba et al. [1990], an approach to positioning 
markers called the Helen Hayes Hospital marker set was developed in the 1980’s (Figure 
6.1). As a result of further work by Davis et al. (1991], the Modified Helen Hayes marker 
set was developed and was used in the study being reported on (Figure 6.2).
This modification reduced the number of markers needed on the lower extremities and 
pelvis to 13. These are: sacrum; left and right asis, thighs, knees, shanks, lateral malioli, 
2/3 metatarsal heads or fifth metatarsal heads, and one on each acromion process.
Figure 6.1. Original Helen Hayes 
marker set with markers over greater 
trochanter (GT) (Kadaba et al, 1990)
Figure 6.2. Modified Helen Hayes marker 
set with reduced number of markers on 
lower limb segments.
Page 6-4
Chapter Six: Methods o f Gait Analysis
The reflective markers are attached at the points listed above. Close to the lens of each 
television camera is an infrared source which illuminates the markers. A Retroreflective 
surface causes them to reflect some of the radiation back to the cameras. Using a short 
exposure time, the motion of the markers can be tracked and their positions in each frame 
accurately imaged.
Each camera is only capable of producing 2D information. Thus for three-dimensional 
(3D) analysis at least two cameras must have a particular marker in view.
In video based passive marker systems a static 3D calibration object may be used, which 
is viewed by all the cameras. Suitable software calculates the relationship between the 
known positions of the markers on the object and the two-dimensional positions of those 
markers in the fields of view of the different cameras. This requires an operator ensures 
that each marker is seen by all the cameras and to identify each marker to each camera. A 
more recent development, called dynamic calibration uses a fixed group of markers and a 
wand. The wand is moved through the measurement volume. This makes it possible to 
dispense with the last step as the markers are automatically identified.
After calibration, markers can be affixed to a subject. As the person walks in front of the 
cameras the above process is reversed and three-dimensional coordinates of each marker 
are calculated, as long as they are in the field of view of at least two cameras.
Data are collected at a series of time intervals known as frames. These vary depending on 
the data collection frequency. Typically, modem systems collect data at between 50 and 
500 Hz or more. For walking 50 Hz is considered adequate, the system used collected 
data at 60Hz.
Analysis of each frame enables the system to locate the centroid of the marker image.
The centroids for each marker in each frame are stored. Software allows the 2D camera
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images to be combined to produce a 3D reconstruction of the data. The operator is then 
required to identify each marker and track its motion manually to correct for any cross­
overs (markers crossing so close to each other that they exchange identification) or drop­
outs (markers lost for one or more frames).
Combining this data with synchronized force platform data allows the calculation of joint 
moments and powers, if the masses, centres of mass and the inertial properties of the 
segments are known. The latter data can be calculated from subject anthropometry being 
applied to published tables [e.g. Vaughan et al, 1999]. Similarly EMG data can be 
synchronized with the kinematic and kinetic data to relate muscle activity to these 
calculations.
A survey of investigations into such systems (Appendix 2) suggested that under most 
circumstances they are sufficiently accurate and reliable methods for tracking markers, 
and calculating their positions, particularly in the sagittal plane. Reports on the usefulness 
of these systems for analysing CP and other neurological conditions in children are 
summarised in Appendix 3
6.2.3 Errors
6.2.3.1 Accuracy o f  system
All such measurement systems suffer from errors. According to Whittle [1982] a typical 
average measurement error is 2-3 mm in all three dimensions, throughout a volume of 
approximately 1x2x2 m (X, Y, Z axes). Although commercial systems claim to provide 
higher accuracy than this, he [Whittle, 1996], “treats such claims with scepticism, 
particularly when applied to measurements of moving markers under realistic gait 
laboratory conditions”. Kadaba et al [1990] reported an accuracy und resolution (both 
static and dynamic) of ± 3 mm and ± 2 mm respectively in each of the axes.
Larger scale tests of these parameters for several systems, under approximately normal 
laboratory conditions have been carried out and confirm these values [Ehara, 1995, 1997,
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2000; Richards, 1999]. The methods and results of these studies are given in Appendix 2. 
Repeating some of these tests in the laboratory at Queen Mary Hospital gave very similar 
results [Davis, 2001], unpublished data.
6.23.2 Placing o f  markers
A c c u r a c y  a n d  c o n s i s t e n c y  o f  m a r k e r  p l a c e m e n t
The problem of placing markers accurately and consistently over anatomical landmarks is 
not trivial. Variations in marker placement between different measurement sessions were 
found by Kadaba et al. [1989]. They evaluated the repeatability of kinematic, kinetic and 
EMG measures of 40 normal subjects. Subjects were measured three times on each test 
day and on three different test days whilst walking at their preferred speed. For joint 
angle motion in the transverse and coronal planes, the repeatability was poor between test 
days. However they stated
“intrasubject repeatability was excellent for kinematic data in the 
sagittal plane both within a test day as well as between test days”.
This is bom out by the mean and standard deviation values of coefficients of multiple 
variation obtained for knee flexion/extension of at least 0.994 ± 0.005 for with a day and 
0.990 ± 0.009 for between days (with mean of each day removed).
The same tests were carried out on this laboratory’s equipment, with very similar results 
[Flieh, 2003] unpublished data.
For force platform data: they found that, due to the greater variability in medio-lateral 
subject behaviour, vertical ground reaction forces and anterior-posterior forces were more 
repeatable than medio-lateral ones.
R e l a t i o n s h i p  o f  m a r k e r  p o s i t i o n s  t o  j o i n t  c e n t r e s
In addition to the inherent errors in measuring the position of markers, markers cannot be 
positioned at the joint centre. As a result algorithms have been developed based on 
anthropometric data, relating marker positions on anatomical landmarks to the joint 
centre [Davis et al., 1991; Vaughan et al., 1999].
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Stagni et al. [2000] quantified the effect of mislocating the hip joint centre using five 
different algorithms. They went on to calculate the effect these have on the accuracy of 
calculations of knee as well as hip kinematics and kinetics. Although for a mislocation of 
30 mm the errors were up to 25% for other calculations, they were within 1.5° for knee 
sagittal flexion and extension.
Use of the Modified Helen Hayes marker set allows the use of a relatively few markers 
and their rapid attachment. As discussed above, a price that is paid for this is that joint 
centre positions must be calculated from surface markers. Also the positioning of the 
thigh wands is prone to errors [Baker et al., 1999, Kirtley, 2002]. However both report 
that careful positioning can reduce these errors to acceptable proportions, especially in 
the sagittal plane.
6.23.3 Processing o f data
Such systems are good for measuring positions and angles. However velocities and 
accelerations require differentiation. Such processing magnifies any measurement errors, 
particularly noise [Winter, 1990]. Suitable smoothing of the displacement data can deal 
with this problem but at the risk of loosing genuine gait events; such as heel strike 
transients [Fuller et al., 1997]. In the study being reported calculations were restricted to 
positions and angles in the sagittal plane.
6.23.4 Number o f cameras viewing marker
There are different errors introduced into the position information of the marker, 
depending on the number of cameras seeing the marker. Giakas, [2001] found that the 
larger the number of cameras viewing the marker in the calibration phase, the lower the 
error. Thus for an 8 camera system, errors varied between maximums of 0.68 mm for 8 
cameras to 2.7mm for 2 cameras, again within 2-3 mm.
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6.23.5 Intrinsic camera errors
Other camera errors include include non-linear behaviour, particularly of the lenses. In 
the MacReflex system used (Qualisys AB, Partille, Sweden) lens distortions are corrected 
for by using a software algorithm.
6.23.6 Skin movements
Kadaba et al. [1990] found that errors due to skin movements relative to the underlying 
bones were within ± 3 mm and did not have a significant effect on measured joint angles. 
In a comparison of 2D X rays and skin markers on the ankle and foot, Tranberg and 
Karlsson [1998] found that the movements of the skin markers relative to the bones were 
up to 4.3 mm.
Comparing the motion of surface mounted markers and percutaneous skeletal trackers for 
the shank in walking, Holden et al [1997] found peak differences of 10 mm along the 
long axis of the shank and 8° of rotation about the long axis of the shank.
Cappozzo et ah, [1996] compared skin and markers rigidly attached to bone. They found 
relative movements as large as 40 mm for skin markers over the lateral femoral 
epicondyle. Graphs of the relative movements for the greater trochanter, lateral 
epicondyles, head of the fibula and lateral malleolus are shown in Figure 6.3.
However, the current study being reported on confines itself to comparing coordinates 
and angles at defined points in the gait cycle where these errors are small and as the 
movements are cyclic in nature, it is suggested that skin movement errors are within the 
2-3 mm error range considered earlier.
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Figure 6.3. Position artifact time histories for walking, composite of two normal subjects along the 3 
anatomical axes of the thigh and shank bones respectively. Origins midpoint between lateral and medial 
epicondyles, and lower ends of mallioli respectively. X is in approximately in direction of progression, Y is 
distal to proximal along the long axis of the relevant bone and Z is laterally perpendicular to this and X. 
[after Cappozzo et al., 1996]
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6.3 KINETICS
Kinetics is concerned with the variables which cause the specific motion observed (in this 
case a walking pattern). The forces at the foot can be measured using a force platform. 
Using anthropometric data mass, centre of mass and moment of inertia values of body 
segments may be derived. The net moments generated by muscles and associated passive 
structures such as ligaments may then be calculated from these and kinematic data using 
inverse dynamics [Vaughan et al., 1999].
Foot
Figure 6.4. Free Body Diagram of right 
foot during push off.
The external forces acting on the foot are 
its weight WFoot, the resultant ground 
reaction force FR and the force of the calf 
on the ankle joint FR Ankle.
The external moments acting on the foot 
are ground reaction torque about the Z 
axis Tz and the moment of the calf on 
the foot at the ankle joint MR.Ankle 
[Vaughan et al., 1999].
It does not yet appear possible to decompose these into individual muscle forces [Winter 
et al., 1995]. However muscle forces may be inferred from EMG recordings, together 
with other muscle data; such as its anatomy, including cross-sectional area, distribution of 
muscle fibre types, its location relative to the joint concerned (i.e. it s moment arm); its 
length and velocity of lengthening or shortening.
Adjacent moments collaborate towards a common goal, for example the support moment. 
The rates of energy generation, absorption and transfer at each joint may also be 
calculated [Robertson et al., 1980].
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The main kinetic measurement error for computing inverse dynamics from force platform 
data appears to be the estimation of centre of pressure position in gait. Dynamic testing of 
force position is not routinely carried out on commercial force platforms. Bobbert and 
Schaumhardt [1990] found errors of up to ±3 0mm at heel contact and toe off for a Kistler 
type 9287 platform. For the walkway used in the experiments performed in the present 
study, errors were stated to b e +11.6 mm for platform 1 and -11.3 for platform 2 [Hynd 
et al., 2000]. As the distance between the centre of force and ankle joint (Figure 6.4) for 
children in the study could be less than 60 mm, the potential error in calculating ankle 
moments is up to approximately 20%.
Cross talk between the vertical and shear force channels was up to 20N but as it was 
repeatable was compensated for in the software.
Force platform data, EMG, and energy consumption aspects of kinetics measurements 
were discussed in Chapter 2.
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1 METHOD
7.1 INTRODUCTION : Restatement of rationale for study
The study was undertaken because FES has been used for many years in adults with 
hemiplegic gait, [Burridge et al., 1997; Granat et al., 1993]. Less work has been done 
with children. Of those dealing specifically with toe gait, there are two apparently 
opposing approaches with some studies reporting positive results from stimulating the 
anterior tibial muscles [Dubowitz et al., 1988; Hazlewood et al., 1994]. Other studies 
report positive results due to stimulating the calf muscle [Carmick, 1993; Commeaux 
et al., 1997].
Whilst both the tibialis anterior and triceps surae approaches to FES have shown some 
encouraging results, they fail to produce conclusive evidence as to which should be 
the treatment method of choice. Nor do they provide prescription guidelines for the 
appropriate selection of patients.
This is because they have involved either: very low numbers of participants; limited 
outcome measures; short periods of treatment -  typically not more than 8 weeks, with 
the daily use being less than one hour per day, with little of no use during everyday 
activities; manual triggering of the stimulation by the therapist, parent/helper or child; 
or they have been confounded by the use of additional modalities.
As a result, in this study it was decided to: stimulate tibialis anterior, the more widely 
accepted model used in adults; recruit sufficient subjects for a statistical analysis; 
maintain existing therapeutic inputs; make detailed gait and clinical measurements; 
continue the treatment for a greater period both in terms of daily exposure and length 
of trial, with children using the device in their daily activities for 3 months, in line 
with adult studies; make use of automatic triggering, developed for adults, to allow a 
more natural use of the stimulator in daily activities.
In order to test the aims and objectives stated in sectionl.2, and provide objective data 
the following parameters were measured: energy consumption -  using PCI; clinical - 
range of motion of the hip, knee and ankle joints, height, leg length, and weight; split 
screen video, kinetic, and kinematic data.
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Details of the key outcome measures selected and the reasons for choosing them are:
• Heel-toe interval. The presenting problem is that of toe walking. This measure 
was used to tell us how often the heel is coming to the floor and in what sequence 
relative to the toe. A greater tendency towards heel first contact was predicted.
• Step length. As above this is likely to be unequal and was expected to be helped
by a more stable base bilaterally. Step length was also expected to be short, 
especially for the contralateral step, which is powered by the affected leg and foot;
again because of poor stability and an improvement with intervention was 
expected. As was an increase in stride length.
• Degree o f knee flexion at heel contact. It was expected that this would become 
more normal with intervention.
• PCI. Measurement of the amount of energy used during walking by measuring the 
speed in relation to heart rate over a set distance. The hypothesis was that 
electrical stimulation will improve efficiency and therefore reduce the amount of 
energy needed. This may have less relevance in children than in adults, but 
improved energy efficiency is likely to prolong functional walking as the child 
grows.
• Walking speed with heel contact. This is closely linked to PCI and was expected to 
increase with improved efficiency, as was cycle time expected to fall.
• Ease and efficacy o f  use from user perspective. This was achieved through a 
questionnaire developed in conjunction with the QMH Audit Department.
Type of Study
In this study an ABA approach was used, the A refers to a series of measurements on 
subjects in a nonintervention or control phase, the B to a series of measurements on 
the same group in an intervention or treatment phase. Each phase lasted 3 months, 
with phase B being the period of stimulation.
This study design was chosen as appropriate to a pilot study with a small sample size. 
It was not possible to use a placebo or to use double blind studies due to the nature of 
the intervention. The period of 3 months was chosen due to the experience with adults 
that if change was not observed within this time it was unlikely to occur with further 
exposure to the treatment (verbal communication with Salisbury Hospital team).
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Ethics approval was obtained from the Ethics Committee for Queen Mary’s Hospital 
(QMH).
7.2. STUDY SUBJECTS
The subjects who presented with a toe-walk gait were from the Leon Gillis Children’s 
Centre, Queen Mary’s Hospital caseload together with referrals from physiotherapists 
and other hospitals. Seventeen children were screened for the study. At this initial 
assessment a history was taken and the project was explained to the parents and child. 
If they were willing for the child to take part and the child fulfilled the criteria listed 
below, they were fitted with an electrical stimulation system briefly to see if  they 
tolerated the sensation. They were then required to sign a consent form. Children were 
selected in the order of assessment, as long as they were willing to take part.
Twelve children were selected, two more than needed to allow for some dropouts. Of 
these 8 were male and 4 were female. The age range was 6 to 15 years, with a mean of
9.1 years. 10 subjects completed the study.
7.3. SAMPLE SELECTION
The following criteria were used:
Diagnosis of Cerebral Palsy, either hemiplegia or asymmetric diplegia.
Walked with toe gait indicated by limited heel contact, with an increased incidence of 
tripping and falling, typical wear pattern on shoe.
Had 90 degrees dorsiflexion passively, with knee extended. Checks were also made 
by physiotherapists to discount associated problems e.g. other contractures and joint 
problems.
Co-operative, with parents and carers motivated to carry out programme. Age was a 
factor (see discussion on exclusion criteria below) and willingness to persevere, 
particularly initially.
Tolerant of machine. Electrical stimulation causes a tingling sensation which some 
find unpleasant.
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Able to walk independently of aids (e.g. sticks or rollator) or assistance. Electrical 
stimulation may be appropriate for those using such aids, but it makes data collection 
and analysis more difficult by introducing extra variables.
7.4. EXCLUSION CRITERIA
Surgery or Botox injection within 18 months of commencing FES to eliminate any 
possible residual effects of these treatments.
Concurrent use of fixed AFO.
Insufficient parental/guardian/carer support to use equipment reliably.
A need for more than single channel stimulation determined at initial assessments. 
Contractures and/or fixed deformities
Aged under five years, as children below this age were particularly intolerant of the 
sensations of stimulation. Also, for normal children walking velocity and step length 
changed less rapidly after age 4 [Sutherland et al., 1988].
In the project only one limb was stimulated, therefore it was expected that children 
who meet the selection criteria would be hemiplegic. However, two diplegic children 
who matched the selection criteria were included.
7.5. INTERVENTION
Details of the three phases of the study is now given, followed by more information 
on the data collected at each session. Table 7.2 provides an overview of the activities 
carried out at each stage of the study. The foot conditions were chosen to represent 
two different conditions for each session. It was considered that this was a maximum 
for each child in a given measurement session. In sessions 4 and 5 it was thought 
important to maintain the shod condition to enable a better measure of the effects of 
stimulation and so barefoot was not measured. For the other sessions, barefoot was 
used to allow for changes in a childs footwear over the course of the study.
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Table 7.2. Schedule of study procedures
Phase Scree
n
Baseline Al Stimulation B Baseline
A2
Week number 
Procedure
1 2 12 13* 16 20 24 25-
35
36
Informed g  É 
consent m #
History R f
Questionnaire
Gait session 1 - ': :2 \ : 3 4 5 6
Foot Condition BF/SH BF/SH BF/SH SH/ST SH/ST BF/SH
FES
equipment set 
up
Check of FES 
equipment
Telephone
contact
Notes Session 1 measurements used for familiarization only
BF = bare feet, ST = with stimulation, SH = shod, * = week 12 plus 1 day
7.5.1 Phase A l
In the first A period (0-3 months), baseline data of the child’s gait patterns (barefoot 
and with any current orthosis, if  applicable) were recorded twice at the start of month 
1 (Sessions 1 and 2, one week apart), and once at 3 months (Session 3). The first 
session was used to acclimatise the subject to the gait laboratory and the 
measurements to be made. Data from this session were not used in the final analysis.
7.5.2 Phase B
At the end of session 3, the electrical stimulator was set up, taking care to gain 
optimum dorsiflexion at the ankle within the child’s tolerance. Stimulation was 
applied to the Tibialis Anterior muscle (directly through the motor nerve or through 
stimulating the flexor withdrawal reflex action), using the Salisbury ODFS III single 
channel dropped foot stimulator (frequency 40Hz). This stimulator was chosen as it 
has been widely used in stroke rehabilitation and proven to be reliable. The stimulator 
has variable pulse width and intensity and these were adjusted to produce an optimum 
contraction defined as dorsiflexion of the foot with little, if  any inversion or eversion
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cycle was controlled by a simple pressure (force sensitive resistor based) operated 
foot switch. This was usually placed under the metatarsal heads as there was 
insufficient reliable heel contact to operate the switch when it was placed under the 
heel. The switch was set to turn the stimulator on at foot lift-off and to switch it off at 
foot contact. The stimulation envelope timings were adjusted to optimise 
improvements in the presenting problem o f “toe walking”. A manual for the 
equipment and its use is included in appendix 4
The family was taught how to apply the stimulator and written instructions given, 
with a photograph of the electrode position on the child’s leg. Figure 7.1 illustrates the 
most common electrode positions used.
Most families also chose to draw around the electrodes as an aid to future placement. 
The child left the session with the stimulator in situ with instructions to wear it for up 
to two hours, returning the next day for session 4, having set up the stimulator 
themselves at home.
Figure 7.1. Electrode placement for stimulation of 
tibialis anterior and other dorsiflexors
A follow up took place the next day to ensure that electrical stimulation was being 
applied correctly. Measurements were taken, both without and with stimulation 
(Session 4). This marked the start of phase B (3-6 months). Parents were encouraged 
to contact the study physiotherapists in the event of any difficulties experienced
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during the stimulation period. Fortnightly appointments were offered to check the 
application, or telephone contact was made at these intervals if  attendance was 
difficult, with home visits offered where necessary. Use of the stimulator was built up 
gradually over the first two weeks, starting with two hours of wear and building up to 
the whole day when possible, with stimulation turned on during walking. Where this 
was not possible, a daily programme was set up in which the child went for a walk 
wearing the stimulator. Children were encouraged to continue with any pre-existing 
activities, including physiotherapy, but substituting the stimulator for a fixed AFO, if  
such a splint had been worn previously.
The gait measurements were repeated at the end o f this phase (Session 5). Data were 
collected with and without stimulation to facilitate investigation o f the orthotic and 
therapeutic effects o f stimulation. In addition a patient questionnaire (developed in 
conjunction with the Clinical Audit Department at QMH) was used after 1 and 3 
months of this phase to discover the subject’s usage, compliance and perspective.
7.1.3 Phase A2
In the final three-month A period, the electrical stimulation orthosis was withdrawn. 
Gait data was again recorded at the start and end o f this phase (Session 5 - without 
stimulation traverses, and Session 6). Table 7.1 summarises the study schedule.
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7.6. DATA COLLECTION
Data was collected in the QMH Gait Analysis Laboratory. The measures used were 
based on earlier work in this area and after discussions with other workers in this 
field. In addition to providing key measures of change through stimulation, they also 
enabled comparisons with the literature [Butler et al., 1984; Matsumura, 1988; 
Sutherland et al., 1988] to enable changes towards ‘normality’ to be assessed.
On their arrival at each session the children and their families/carers were welcomed 
to the laboratory. After checking the child’s situation informally, he or she changed 
into a T shirt and shorts.
7.6.1 Energy consumption
In order to estimate energy consumption PCI values were calculated, which require 
monitoring heart rate and timing a walk over a known distance.
A heart rate monitor and wrist counter were then attached (Figure 7.2). Heart rate was 
measured when the child was standing in a quiet corridor, with only a physiotherapist 
known to the child and a clinical scientist present. When the heart rate was as 
consistent as possible the child was asked to walk at their normal speed for 25 metres 
in line with the distance used by Butler et al. [1984]. The time for this distance was 
recorded, as was the maximum heart rate reached after walking ceased. This 
procedure was repeated three times for both the conditions to be tested, at each 
session. These and other values found were recorded on a form specially made for the 
study
Figure 7.2. Heart rate monitor (Polar Electro Oy, Kempele, Finland)
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7.6.2 Clinical measurements
Active and passive ranges o f joint motion at the hip, knee, and ankle were measured 
using an electrogoniometer (Figure 7.3). The measurements were repeated three times 
for each range. Height, weight and leg length (anterior superior iliac spine to medial 
malleolus) were also measured, as it was recognised that growth could influence the 
results.
Figure 7.3. Electric goniometer placements on ankle and knee (Biometrics Ltd, 
Cwmfelinfach, UK.) [after Whittle, 1996]
7.1.6 Kinetics
Markers were placed on the subjects as detailed on the next page. They then stood on 
a dual 3.3 metre long force walkway [Hynd et al., 2000] with one foot on each 
platform to record their weight distribution in the standing trials. Subjects then walked 
over the platforms for the walking trials, from which kinetic and spatio-temporal data 
were obtained (Figure 7.4).
Figure 7.4. Dual force walkway
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7.6.4 Video
Sagittal and frontal plane video were recorded onto tape and displayed using a split 
screen TV monitor. The video record was employed to aid in the analysis o f the 
kinematic data (Figure 7.5). Such video gives a more global view o f subject behaviour 
than is available from marker data alone -  e.g. if  they have turned to look at their 
parents during a traverse. To gain an impression o f unencumbered walking, video 
recording before marker placement was introduced part way through the study.
Figure 7.5. Example frame from sagittal and frontal 
plane video record
7.1.7 Kinematics
Retroreflective markers were attached to the left and right acromion processes, 
sacrum, left and right asis, thighs, lateral epicondyles, shanks, and at the level o f the 
lateral malioli and third metatarsals (Modified Helen Hayes marker set). The 
coordinate data of the markers for standing and walking were collected using a six- 
camera, 60Hz, motion analysis system (MacReflex, Qualisys AB, Partille, Sweden).
A record of the marker positions for each session was made using frontal, rear, left 
and right photographs, as shown in Figure 7.6. The lateral epicondyles markers were 
placed in a position which moved the least when the joint was flexed. Care was taken 
to align the wand markers to the line joining the knee and hip joints. A similar 
procedure was used for the shank wands and the knee and lateral malleolus.
Page 7-10
Chapter Eight: Data Processing
8. DATA PROCESSING AND ANALYSIS
Introduction
In the course of the study problems were encountered in the collection and analysis of the 
energy consumption, clinical and kinetic data. Both the energy and static joint range of 
motion data were very variable and the children often avoided walking over the platforms or 
in crossing over between them, rendering the amounts of kinetic data collected too sparse for 
a full analysis. These problems are discussed more fully in Chapter 10. As a result the 
account of data processing and analysis confines itself to the kinematic data collected using a 
MacReflex system (Qualisys AB, Partille, Sweden).
8.1 DATA PROCESSING
The MacReflex data was tracked and any missing data points were filled using a cubic spline 
algorithm to obtain the trajectories of the markers The X, Y and Z coordinates of each of the 
15 markers for each frame were then exported as a tab separated variable (TSV) file (Table 
8.1) to a PC for analysis. The analysis of the TSV data was carried out by an extension to 
Microsoft Excel, Q Tools (Innovision Inc., Warren, MI, USA) (Table 8.2). The markers 
selected for heel toe interval analysis were the left and right, ankle and toe markers. Their 
trajectories could then be visualised in graph form (Figure 8.1) Alternatively the TSV file 
was visualised directly using Qualisys Q Trac View software (Figures 8.2 and 8.7).
In the following discussion, the same session file of one subject is used in all the figures and 
tables. The processing of one set of data is followed from stage to stage in order to clarify the 
methods used, the reasons for using them and the results obtained.
To evaluate the usefulness of filtering the kinematic data, a comparison of filtered and 
unfiltered kinematic data for normal subjects was made. By using force platform data as the 
standard, it was found that the unfiltered data agreed as well with the force platform data as 
did the filtered [Ghoussayini et al., 2002]. In addition, as Fuller et al. [1997] had pointed out 
the risk of losing genuine gait events through filtering, such as heel strike transients, it was 
decided not to use filtering.
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Table 8.2. Example values (mm) from position-time analysis of ankle and toe markers in Q Tools
Frame lankle X lankle Y lankle Z Itoe X Itoe Y Itoe Z rankle X rankle Y rankle Z rtoe X rtoe Y rtoe Z
140 236.7 -63.5 32.3 60.1 -56.9 -4.0 60.0 171.5 115.2 -77.6 198.3 I 24.4
141 236.0 -63.7 34.9 59.8 -57.1 -3.9 17.2 172.3 102.0 -141.2 183.5 13.6
142 233.8 -63.4 39.0 59.1 -57.2 -4.9 -23.8 173.5 87.5 -187.7 172.4 2.9
143 230.9 -64.2 43.3 58.7 -57.0 -4.9 -63.5 174.0 73.0 h -230.4 166.4 -3.0
144 227.2 -64.6 50.8 63.1 -55.2 -4.2 -95.9 173.7 61.4 -267.4 159.2 -4.4
145 221.4 -65.4 59.9 57.9 -57.4 -4.4 -117.2 171.2 51.2 -293.1 158.4 -3.6
146 212.0 -66.4 71.6 58.0 -58.9 -3.9 -125.2 172.9 49.2 -302.0 158.3 -3.5
147 194.8 -69.6 87.0 58.6 -61.1 -3.5 -118.2 174.8 41.2 -301.7 161.0 0.6
148 179.9 -67.2 105.7 54.3 -61.7 -2.6 -115.9 174.5 35.2 -298.9 160.0 0.1
149 156.0 -70.1 125.4 47.9 -61.6 -1.2 -114.8 173.8 32.8 -298.6 160.9 1.4
150 125.0 -74.0 144.4 36.1 -62.6 0.8 -115.1 173.4 32.7 -297.1 160.0 0.8
151 L 94.1 -76.8 162.0 15.0 -67.1 0.2 -115.1 172.8 33.3 -294.3 162.4 2.0
152 55.8 -85.5 171.9 -8.1 -72.8 -4.1 -115.9 173.4 34.3 -297.4 '159.9 -0.6
153 20.4 -89.3 175.0 -49.8 -78.9 5.5 -116.4 174.3 35.1 -297.6 159.7 -1.0
154 -24.5 -95.3 174.5 -104.7 -85.1 10.7 -116.5 174.1 35.5 -295.8 160.7 -0.5
155 -72.7 -101.6 168.5 -163.0 -90.7 11.7 -120.6 176.0 40.0 -293.7 158.9 -4.4
156 -121.3 -109.1 158.7 -224.8 -98.5 10.8 -122.4 176.1 42.3 -294.0 158.9 -4.7
157 -172.6 -117.4 144.9 -292.7 -105.6 10.7 -124.0 177.2 45.2 -294.1 158.9 -4.9
158 -225.1 -122.5 128.9 -358.1 -114.2 8.6 -125.6 177.8 47.5 , -294.2 159.1 -5.1
159 -280.2 -126.7 111.7 -427.4 -120.3 7.9 -127.8 178.2 51.0 I -294.2 158.9 -5.4
160 -339.2 -131.2 93.4 -498.5 -122.6 7.6 -129.5 178.9 54.0 -293.9 159.0 -5.4
161 -402.8 -133.2 75.4 -570.0 -125.4 12.0 -131.3 179.1 56.0 -293.9 159.2 -5.7
162 -465.6 -135.0 57.7 -637.5 -124.4 16.8 -132.5 178.6 58.4 -294.7 159.8 -5.5
-5.8163 -532.9 -135.5 45.1 -702.4 -122.6 25.6 -135.3 179.1 62.0 -292.3 158.6
164 -581.4 -131.7 31.9 -760.0 -121.6 36.3 -138.4 178.8 65.3 -292.1 159.0 -5.7
165 -627.2 -130.4 24.0 -806.2 -124.5 43.5 -142.4 177.7 70.3 -291.8 158.9 -6.0
166 -664.8 -128.9 18.8 -839.8 -127.1 44.9 -146.8 176.4 76.4 -293.2 159.8 -6.4
167 -685.1 -131.7 16.8 -862.9 -126.8 33.3 -154.1 174.5 83.6 i -292.3 159.7 -6.2
168 -693.8 -134.3 14.3 -872.5 -122.3 5.5 -162.8 171.9 92.5 -295.0 160.8 -5.6
169 -693.7 -135.2 14.2 -873.5 -125.9 4.2 -175.0 168.4 103.9 -297.0 160.6 -5.4
170 -694.8 -134.8 15.1 -876.1 -124.0 2.0 -192.7 164.2 119.1 -301.5 159.2 -3.9
171 -694.9 -135.2 16.2 -876.2 -124.7 1.1 -213.7 157.6 133.9 r-310.0 Î58.2 -0.8
172 -695.9 -135.3 15.8 L-876.0 -125.8 0.0 -239.5 149.9 150.2 -320.7 154.4 0.8
173 -696.5 -135.7 16.0 -877.1 -125.9 0.3 -268.3 139.9 164.0 -336.5 153.7 1.8
174 -697.1 -135. f r 16.6 -876.9 -126.1 -0.2 -300.9 130.6 175.4 -356.0 156.1 -1.1
175 -697.1 -136.0 16.7 -877.1 -125.9j -0.4 -331.9 120.2 181.9 -379.1 154.5 6.8
176 -696.9 1 -136.2 16.8 -877.1 -125.9 -0.5 -360.3 109.6 186.1 -414.8 150.4 15.1
177 -697.0 -136.0 16.5 -877.2 -126.1 -o.fT -390.3 102.7 189.5 -459.4 142.9 21.9
178 -698.7 -136.1 17.2 -876.9 -126.2 -0.8 -429.7 94.8 186.5 - s o e .r 135.0 24.3
179 -698.6 -137.4 18.1 -877.3 -126.3 -0.8 -470.6 90.4 183.5 -553.5 126.4 24.1
180 -699.7 -138.6 18.6 -877.3 -126.6 -1.2 -511.7 88.0 179.2 -603.4 119.1 22.5
181 -699.9 -138.8 19.8 -878.2 -126.7 -0.7 -553.3 87.3 173.3 -652.9 112.1 21.1
182 -698.7 -138.9 21.2 -876.6 -127.3 -2.1 -595.4 86.2 166.9 -703.6 107.3 19.5
183 -699.3 -138.5 22.3 -876.8 -127.4 -2.2 -638.7 85.6 159.7 -755.7 104.2 i 19.5
184 -699.6 -137.8 23.3 -877.4 -127.2 -2.2 -681.7 85.1 152.1 -807.5 103.5 19.8
185 -699.8 -137.6 24.4 -877.3 -127.2 -2.5 -726.2 84.7 144.2 -859.0 103.3 19.6
186 -700.8 -137.7 25.7 -877.0 -127.1 -3.4 -770.5 85.3 135.9 -910.7 102.9 19.2
187 -701.7 i -137.6 27.1 -878.5 -126.7 -2.6 -813.5 86.4 125.9 -960.9 102.7 19.0
188 -701.9 -137.2 29.3 -878.8 -126.9 -2.4 -856.8 87.8 115.0 -1010.5 100.4 17.3
189 -702.3 -136.8 30.5 -879.8 -127.3 1 -2.6 -898.2 90.2 105.2 -1058.5 97.0 15.2
190 -703.2 -136.5 32.3 -880.5 -127.4 -2.3 -937.8 93.0 94.3 -1104.0 91.5 r 12.7
191 -704.3 -136.6 34.5 -880.4 -127.5 I -2.5 -975.3 94.4 83.6 -1143.1J 84.9 7.4
192 -706.1 -137.1 38.3 -878.7 -127.1 -2.5 -1009.8 97.8 73.3 -1179.3 78.2 1.3
193 -710.4 -138.1 43.7 -880.5 -126.6 -3.6 -1038.5 98.3 63.6 -1206.7 70.4 -4.0
194 -714.9 -139.5 50.9 -880.9 -126.9 -4.0 -1056.6 98.8 55.6 -1223.0 66.8 -4.1
195 -721.9 -140.8 61.1 -880.1 -128.1 -4.3 -1060.1 99.4 49.8 -1231.3 65.6 -4.5
196 -733.3 -141.7 75.2 -880.0 -129.0 -4.2 -1054.5 101.4 41.7 -1226.0 67.1 -3.7
197 -748.0 -140.7 94.2 -882.4 -130.0 -3.7 -1051.1 10Ô.4 36.4 -1228.91 64.8 -2.2
198 -769.0 -141.4 113.9 -887.8 -130.9 -2.5 -1049.1 I 100.0 32.3 -1227.6 65.8 -3.2
199 -795.6 -142.9 133.7 -896.4 -132.3 -1.1 -1049.3] 100.1 32.1 -1227.2 65.6 -3.3
200 -811.2 -136.3 160.2 -914.6 -133.7 2.1 -1049.3 99.9 32.0 -1227.8 65.5 -3.2
201 -863.9 -151.1 167.3 -936.0 -140.3 -3.2 -1049.7 99.7 33.1 -1228.6 65.4 -3.2
202 -903.9 -154.9 174.2 -969.6 -145.1 3.2 -1050.5 100.1 34.0 -1225.1 66.8 -3.9
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Chapter Eight: Data Processing
8.2 DATA ANALYSIS
As shown in Figure 2.1, in normal gait, the initial contact is that of the heel. In this 
section the methods developed to estimate the timings of heel and toe contact are 
reported. First for heel-first contact and then for toe-first contact.
8.2.1 Heel-first contact
8 . 2 . 1 . 1  C r o s s - p l a t f o r m  t i m i n g  o f h e e l - t o e  i n t e r v a l
A literature search was unable to find any published methods for studying the heel-toe 
interval. The timings of heel and toe contact, and the reasons for the marker 
trajectories observed were explored by studying two subjects (one, a child with CP and 
the other a normal adult) who walked latitudinally across the two platforms. The trials 
were continued until a traverse showed heel contact on one platform and toe contact 
on the other. This allowed a comparison of the timings of both heel and toe contacts 
from the force platforms, marker co-ordinates from the motion analysis equipment, 
and the video record.
Heel contact was recorded from the FP (and a heel marker in the case of the adult). 
These were compared with the timing for the ankle marker and the video record. In 
addition the video record was examined to understand the reasons for the trajectories 
found (Figure 8.3). It was found that Z-coordinate of the ankle marker was 
consistently greater than the value found for the standing trials at heel contact. It was 
found that this was due to the heel of the shoe and the angle of approach of the foot 
(Figure 8.3 a), at heel contact the ankle marker is higher than in the standing position 
(Figure 8.3 b). The latter was also found to be the position of the foot when initial toe 
contact is recorded on the second force platform.
It was also found that the toe marker descended at a decreasing rate after heel contact. 
However a plateau was rarely reached, instead initial toe contact occurred when the 
toe end of the shoe was still clear of the platform (Figure 8.3 b). That is, it was the ball 
of the foot that made the initial contact measured by the force platform. The toe 
marker then continued to descend until the toe end of the sole of the shoe was in 
contact with the platform (Figure 8.3 c). As the foot rotated about the toe, the marker
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rose again (Figure 8.3 d). Subsequently, in the normal subject, the marker descended 
sharply as the toe “inverted” around toe-off, before rising in the swing phase (Figure 
8.3 e). For the child with CP who was fitted with an AFO, this latter finding did not 
occur for the affected foot.
Toe contact, as correlated with force platform data, was found to occur where the 
gradient of the descent rate became a minimum. Although there were variations in the 
toe descent curve this was the most common finding that could be verified using force 
platform measures with the subjects studied.
dc
Figure 8.3. Phases of toe contact drawn from video images
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8 . 2 . 1 . 2  H e e l  c o n t a c t
Taking the force platform data as the “gold standard” (Table 8.3) made it possible to 
find an empirically based algorithm for calculating heel contact time from ankle 
marker data.
It was noted that there was a correlation between heel contact timing, as measured on 
the force platform and the timing of the relative descent of the ankle and toe markers. 
In the region of initial foot contact, the frame in which the toe marker descent rate 
exceeded that of the ankle marker descent rate was within 1 frame of the force 
platform timing of heel contact, using a force threshold of ION.
This is in accordance with what would be expected if mechanical principles were 
applied to the situation in normal gait. Heel contact causes a ground reaction force to 
be applied to the heel, as shown in Figure 3.1, causing a moment about the ankle joint 
which plantarflexes the ankle. The situation for toe gait is considered in the section on 
toe-first contact.
The algorithm was calculated in a spreadsheet into which the TSV data (Table 8.2) 
was imported. After rounding all values to the nearest millimetre, the spreadsheet 
(Table 8.4) was used to calculate the difference between pairs of values for 
consecutive ankle and toe marker Z coordinate data using the formula:
For heel contact:
Za(n) -  Za(n-1 ) < Zt(n) -  Zt(n-1 ) Equation 8.1
Where Z = Z coordinate, a = ankle, t = toe
The spreadsheet formula was =((D2-D3)-(G2-G3)) where column D is left ankle Z 
coordinates and column G is left toe Z coordinates. When this expression became 
negative in the region of foot contact it was taken to be the point of heel contact. As 
stated earlier this correlated well with actual heel contact recorded on the force 
platform (and corroborated by video data).
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Table 8.3. Example spreadsheet of foot contact times (in frames) from force platform, 
kt session 6 ktl 1. Frames indicating initial contact by Vert F >1 ON are shaded.
Gait Walkway Force and CoP Data: kt session 6 kt11
I iI
Right foot Left footSampling rate = 60 Hz
I
Platform 1 Data Platform 2 Data
Vert F(N) APF(N) ML F (N) AP (mm) ML (mm) Frame # Vert F (N) AP F (N) ML F (N) AP (mm) ML (mm)
-0.6 -0.1 -0.4 142 509.5 46.8 35.8 1736.2 61.7
0.6 -1.5 -0.6 143 515.7 56.6 30 1732.9 61
15.6; -16.2 -3 144 504.7 66.2 24.1 1727.7 60.7
40.8 -38.6 -3.9 145 471.8 74.5 18.8 1721.3 60.7
96.9 -88.5 -3.7 146 417.8 80.4 14.2 1713.9 61.5
150.4 -49.4 4.8 1378.8 143 147 346.1 83.7 8.8 1704.8 62.9
241.8 -4.9 22.6 1389.9 149.5 148 252.7 81.1 3.2 1697 65
401.3 -23.3 41.2 1401.6 150.3 149 161 55.6 2.6 1683.7 69.1
511.2 -17 47.5 1404 149.7 150 98.3 23.7 3.7
591.9 -18.5 43.2 1403.9 148.1 151 51.3 7.4 2.6
647.1 -12.1 44.1 1402.5 147.3 152 12.3 -2.4 0
682 -4.1 53.5 1400.7 147.6 153 -2.7 0 -0.2
702.1 3.8 61.8 1398.6 148 154 0.2 0.1 -0.1
697.6 7.8 62.5 1395.5 147.9 155 -0.6 0 -0.1
671.4 10.8 61.1 1392.4 147.6 156 -0.3 0 -0.2
634.8 14.5 59.8 1389.2 147.3 157 -0.5 0 -0.2
594.4 17.7 57.4 1385.8 146.8 158 -0.4 0 -0.2
551.7 20.3 53.3 1383.5 146.2 159 -0.5 0 -0.1
509.6 23.3 47.7 1380.3 145.4 160 -0.4 0 -0.1
469.5 27.1 41.9 1377.6 144.6 161 -0.4 0 -0.1
433.5 32.3 36.9 1375.1 143.7 162 -0.1 0 -0.1
403.2 38.3 33.3 1373.4 143 163 -0.6 0 -0.1
374.7 43.3 30.9 1370.6 142.4 164 0.5 0.1 -0.2
344.4 44.2 28.2 1366.8 141.6 165 -2.2 -0.3 -0.1
315.9 42.2 27 1362.9 140.9 166 6.5 -0.7 -0.3
288.4 40 29.1 1359.3 140.3 167 16.2 -18.5 1.1
254.6 37.3 34 1354.8 140.2 168 201.2 -31.1 -4.1 915.4 83
212 33 37.2 1349.5 141 169 643.6 -18.6 -9.7 935.8 89.3
154.5 22 33.8 1340.5 141.9 170 681.3 -62.9 4.3 909 90.5
91.5 11 24.7 171 722.9 -78.3 14.2 896 94.1
48.7 3.2 14.9 172 731.7 -111.5 47.5 883.7 99.8
21.4 -1.1 7 173 722.5 -112.1 59.3 872.2 104.7
4.3 -1.6 1 174 720.4 -100.1 65.7 865.1 108.3
-1.9 0.1 -0.7 175 712 -78.9 60.4 860.5 110.3
-0.7 0.1 -0.2 176 664.7 -61.5 52.6 854.5 112.3
-1.1 0.1 -0.4 177 599.6 -41.4 42.4 848.5 114.4
-1 0.1 -0.3 178 528.9 -23.9 38 842.1 117
-0.9 0 -0.3 179 461.7 -11.5 38 834.8 120.5
-1 0 -0.3 180 407.6 -3.4 40.2 827.2 123.9
-0.9 0 -0.3 181 370.4 0.9 40 820.6 126.5
-0.9 0 -0.3 182 351.4 2.7 37.5 815.3 127.7
-0.8 0 -0.3 183 347.7 3.4 33.3 811.6 127.9
-0.8 0 -0.3 184 356.1 4.2 29.1 809.2 127.5
-0.8 0 -0.3 185 371.8 4.8 26.9 807 127.1
-0.9 0 -0.3 186 391 4.9 26.8 805.4 126.9
-0.8 0 -0.3 187 417.1 6.5 28.7 804.7 126.8
-0.8 0 -0.3 188 450.8 10.7 30.6 803.8 126.7
-0.6 -0.1 -0.3 189 486 17.9 30.5 803.5 126.5
-0.8 0.2 -0.2 190 514.9 27.6 27.8 801.3 126.2
-0.4 -0.4 -0.4 191 532.1 38.2 23.8 798.7 125.9
-1.5 0.9 -0.1 192 535.8 48.8 20.1 794.9 125.7
6.5 -7.1 -2.1 193 525.2 58.8 17.3 789.9 125.6
31.6 -30.4 -6.3 194 497.5 67.8 14.1 783.6 125.5
80.7 -72.8 -7 195 450.8 76.1 9.7 776.1 125.4
131.6 -39.6 3.4 443.4 54 196 387.5 81.4 4.9 767.2 126
227.1 -3.1 18.2 455.2 59.5 197 305 84.3 -0.2 759.8 127.5
369 -24.6 29 469.6 61.5 198 205.7 72.4 -3 747.5 130.2
466.6 -20 40.3 470.1 61.9 199 122.1 39 -1 732.4 135.6
541.1 -23.3 44.8 470.3 61.5 200 67.2 14.1 0.4
601.1 -17.7 49.4 469.7 61.2 201 22.3 1.9 -0.7
644.3 -13.7 61.2 467.1 61.5 202 -1 -1.2 -0.4
675 -9.4 71 465.1 61.6 203 -1 0.7 0.1
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Table 8.4. Coordinate data and relative marker descent rate calculations spreadsheet,
F# lankle X lankle Y lankle Z ItoeX Itoe Y ItoeZ rankle X rankle Y rankle Z rtoeX rtoe Y rtoe Z DE L Diff R LToe RToe
142 234 -63 39 59 -57 -5 -24 173 88 -188 172 3 -6 8 0 -6
143 231 -64 43 59 -57 -5 -63 174 73 -230 166 -3 -4 9 1 -1
144 227 -65 51 63 -55 -4 -96 174 61 -267 159 10 0 1
145 221 -65 60 58 -57 -4 -117 171 51 -293 158 -4 -9 11 1 0
146 212 -66 72 58 -59 -4 -125 173 49 -302 158 -4 -11 2 1 4
147 195 -70 87 59 -61 ■4 -118 175 41 -302 161 1 -15 12 1 0
148 180 -67 106 54 -62 -3 -116 175 35 -299 160 0 -18 5 2 1
149 156 -70 125 48 -62 -1 -115 174 33 -299 161 1 -18 4 2 0
150 125 -74 144 36 -63 1 -115 173 33 -297 160 1 1 -17 0 0 1
151 94 -77 162 15 -67 0 -115 173 33 -294 162 2 -18 1 -4 -2
152 56 -85 172 -8 -73 -4 -116 173 34 -297 160 -1 -14 -4 10 0
153 20 -89 175 -50 -79 6 -116 174 35 -298 160 -1 : 6 -1 5 1
154 -24 -95 175 -105 -85 11 -117 174 35 -296 161 0 6 0 1 -4
155 -73 -102, 169 -163 -91 12 -121 176 40 -294 159 -4 7 -8 -1 0
156 -121 -109' 159 -225 -99 11 -122 176 42 -294 159 -5 9 -3 0 0
157 -173 -117 145 -293 -106 11 -124 177 45 -294 159 -5 14 -3 -2 0
158 -225 -122 129 -358 -114 9 -126 178 48 -294 159 -5 14 -3 -1 0
159 -280 -127 112 -427 -120 8 -128 178 51 -294 159 - 5 B 16 -4 0 0
160 -339 -131 93 -499 -123 8 -129 179 54 -294 159 -5 18 -3 5 0
161 -403 -133 75 -570 -125 12 -131 179 56 -294 159 -6 22 -2 5 0
162 -466 -135 58 -637 -124 17 -133 179 58 -295 160 -5 23 -2 9 0
163 -533 -135 45 -702 -123 26 -135 179 62 -292 159 -6 21 -4 11 0
164 -581 -132 32 -760 -122 36 -138 179 65 -292 159 -6 24 -3 7 0
165 -627 -130 24 -806 -124 43 -142 178 70 -292 159 -6 15 -5 2 0
166 -665 -129 19 -840 -127 45 -147 176 76 -293 160 -6 7 -7 -11 0
167 -685 -132j 17 -863 -127 33 -154 174 84 -292 160 -6 #  40 -7 -28 1
168 -694 -134 14 -873 -122 6 -163 172 93 -295 161 -6 -25 -8 -1 0
169 -694 -135 14 -873 -126 4 -175 168 104 -297 161 -5 -1 -11 -2 2
170 -695 -135 15 -876 -124 2 -193 164 119 -302 159 "4 -3 -14 -1 3
171 -695 -135 16 -876 -125 1 -214 158 134 -310 158 -1 -2 -12 -1 2
172 -696 -135 16 -876 -126 0 -240 150 150 -321 154 1 -1 -15 1 1
173 -697 -136 16 -877 -126 0 -268 140 164 -336 154 2 0 -13 0 -3
174 -697 -136J 17 -877 -126 0 -301 131 175 -356 156 -1 4 -14 o 8
175 -697 -136 17 -877 -126 0 -332 120 182 -379 155 7 0 1 0 9
176 -697 -136 17 -877 -126 0 -360 110 186 -415 150 15 0 4 0 7
177 -697 -136 16 -877 -126 0 -390 103 190 -459 143 22 0 3 0 3
178 -699 -136 17 -877 -126 -1 -430 95 187 -506 135 24 -1 5 0 0
179 -699 -137 18 -877 -126 -1 471 90 183 -553 126 24 -1 3 0 -1
180 -700 -139 19 -877 -127 -1 -512 88 179 -603 119 22 -1 3 1 -1
181 -700 -139 20 -878 -127 -1 -553 87 173 -653 112 21 -1 5 -1 -1
182 -699 -139 21 -877 -127 -2 -595 86 167 -704 107 20 -3 5 0 0
183 -699 -138 22 -877 -127 -2 -639 86 160 -756 104 19 -1 7 0 1
184 -700 -138 23 -877 -127 -2 -682 85 152 -808 103 20 -1 8 0 0
185 -700 -138 24 -877 -127 -3 -726 85 144 -859 103 20 -1 8 -1 0
186 -701 -138 26 -877 -127 -3 -771 85 136 -911 103 19 -2 8 1 0
187 -702 -138 27 -879 -127 -3 -814 86 126 -961 103 19 -1 10 0 -2
188 -702 -137 29 -879 -127 -2 -857 88 115 -1011 100 17 -2 9 0 -2
189 -702 -137 30 -880 -127 -3 -898 90 105 -1058 97 15 -1 8 1 -2
190 -703 -137 32 -881 -127 -2 -938 93 94 -1104 92 13 -1 8 0 -5
191 -704 -137 35 -880 -127 -3 -975 94 84 -1143 85 7 -2 5 0 -6
192 -706 -137 38 -879 -127 -3 -1010 98 73 -1179 78 1 -4 4 -1 -5
193 -710 -138 44 -881 -127 -4 -1038 98 64 -1207 70 -4 -7 4 0 0
194 -715 -139 51 -881 -127 -4 -1057 99 56 -1223 67 -4 -8 8 0 0
1 9 5 -722 -141 61 -880 -128 -4 -1060 99 50 -1231 66 -5 -11 5 0 1
196 -733 -142 75 -880 -129 -4 -1055 101 42 -1226 67 -4 -14 9 1 2
197 -748 -141 94 -882 -130 -4 -1051 100 36 -1229 65 -2 -18 7 1 -1
198 -769 -141 114 -888 -131 -2 -1049 100 32 -1228 66 -3 -19 3 2 0
199 -796 -143 134 -896 -132 -1 -1049 100 32 -1227 66 -3 -18 0 3 0
200 -811 -136 160 -915 -134 2 -1049 100 32 -1228 65 -3 -23 0 -5 0
201 -864 -151 167 -936 -140 -3 -1050 100 33 -1229 65 -3# -12 -1 . 7 0
202 -904 -155 174 -970 -145 3 -1051 100 34 -1225 67 -4 0 -2 8 1
203 -941 -159 175 -1022 -151 11 -1052 100 36 -1226 67 -4 6 -1 8 1
kt session 6 k tl 1, all values in mm rounded to nearest mm from values in Table 8.2
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Chapter Eight: Data Processing
It may be seen by inspection of the left stance phase in Tables 8.3 and 8.4, the timing 
given by the force platform and the ankle marker algorithm both give the heel contact 
time as frame 167. A position-time graph of the left ankle marker for the footstep 
being considered is shown in Figure 8.4. This algorithm was robust and was only 
breached in toe-first contact, as discussed in the next section.
100
160 165 170 175 180 185 190
Frame number
Figure 8.4. Left ankle marker position-time graph for one step in kt session 6 ksl 1
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8.1.2.3 Toe contact
It was noticed that the toe-descent part of the position-time graph had four broad 
regions for toe Z-values for the period immediately before foot contact and during 
stance. These were: (1) a steep initial fall, (2) a lower rate of fall zone, (3) a slowly 
sloping region (often containing a depression) which ended in rise, before (4) a more 
or less sudden dip at toe-off (Figure 8.5). Toe contact was found to occur between 
periods 2 and 3. Possible causes of the changes of rate are illustrated in Figure 8.3.
1. Steep initial fall
4. Toe o ff  dip
—  2 0 ------------ 2. Lower rate zone
3. Slowly sloping
-10
140 145 150 155 160 165 170 175 180 185 190 195 200
Frame numbers 
Figure 8.5. Regions of toe descent
An algorithm to calculate initial toe contact was set up in the spreadsheet in Table 8.4. 
The algorithm was aimed at calculating the time when the gradient o f the descent fell 
to zero or reached a minimum. This was done by subtracting the difference between 
two consecutive toe-marker Z coordinates from 1 mm.
The formula used was:
For toe contact 1 -  Zt(n) -  Zt(n-l) 0 Equation 8.2
Where Zt is the Z coordinate of the toe marker and n is the nth frame.
On the spreadsheet the formula was =(1-(M3-M4)) where M is the R toe Z coordinate 
column. 1 mm was chosen, as it was found to give the best correlation with force 
platform timings o f toe contact found using cross platform traverses detailed earlier. 
Table 8.4 gives a frame number of 172 for this and Figure 8.7 shows that this is at the 
end of the lower rate zone on the graph of Z toe marker values vs. time.
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This algorithm was less robust than that for the ankle marker. The lack of robustness 
appears to be due to the greater variability in toe descent data compared with ankle 
data. It was presumed that the rate o f descent of the toe was optimised to give a 
smooth contact but what this rate "should be” is not a simple question. An example of 
a descent where the stages are less abruptly different than those illustrated in Figure 
8.5 is shown in Figure 8.6.
Lef t  t o e  m a r k e r  h e ig h t
130 -I
1 10  -
I
.£
-10
Frame num bers
Figure 8.6. Toe descent from js session 5 js3 with gradual changes of slope.
60  ,
50
40 -
E
E
§
N
-10
140 142 144 146 148 150 152 154  156 158 160 162 164 166 168 170 172  174 176 178 180 182  184 186 188 190 192 194 196 198 200  202
F r a m e  n u m b e r
[~  -  lan k le  Z  — Itoe Z |
Figure 8.7. Position-time graph for foot marker data for unaffected (left) leg, kt session 6 k tll. Ankle 
marker position corresponding to heel contact is estimated to be during frame 167. The end of the 
second descent zone, taken to correspond with toe contact, is during frame 172
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8.2.2 Toe-first contact
The algorithms detailed above were not applicable to steps in which the toe landed 
first. Toe-first landing was first checked using the video data. For these steps it was 
also helpful to observe the tracked marker data using the QTracView software 
supplied by Qualisys. This allowed the tracking of markers’ trajectories in 3D, frame 
by frame. Toe and heel contact were assessed to have occurred when the relevant toe 
marker was observed to stop and the ankle marker subsequently descended to a 
minimum as judged by eye (see Figure 8.8 for frames 146 -  150 of kt session 6 ktl 1). 
Where possible, the timing of toe marker data indicative of toe contact was checked 
against force platform data (Table 8.3). In this case the force platform data suggests 
toe contact at frame 144.
Direction of progression
Right ankle (green) 
and toe (white) Left ankle (green) 
and toe (yellow)
Frame 144
Frame 150
Figure 8.8. Example marker trajectories showing toe and ankle markers. Right (affected) side 
ankle shown by white arrows (i) at impact of right toe in frame 144, (ii) subsequent minimum 
ankle height in frame 150. Note differences in toe and ankle trajectories between the two feet.
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For a more accurate measure of minimum toe height the spreadsheet (Table 8.4.) was 
consulted, this suggested that contact was at frame 144. This method for estimating toe 
contact frame can be compared with the force platform values (Table 8.3). In the first 
case they agreed exactly and were within one frame in the second.
8.2.3 Calculations from ankle and toe marker data
The frame numbers corresponding to heel and toe contacts, and the x-coordinates of
the ankle markers at heel or toe strike for each traverse were entered into a spreadsheet 
(Table 8.5). Calculations were then made from these values for heel-toe interval, cycle 
time, step length, stride length, and walking speed for each stride.
To clarify the steps taken, example calculations for the same parts of traverse ktl 1 
considered throughout this chapter are now given: The numbering refers to 
calculations with same headings at the bottom of Table 8.5.
1. The heel-toe interval in milliseconds is calculated by finding the product of 
the difference between the heel and toe frame numbers and 1000/60
2. The cycle time in seconds is the difference between successive heel contacts 
of the same side, calculated by dividing the difference in frames by 60.
3. The heel x-coordinate was found from inspection of the relevant spreadsheet 
(in this case Table 8.4) for the ankle x coordinate corresponding to the frame 
of initial foot contact of the side concerned.
4. Using these coordinates, the step length for each side was found by 
calculating the absolute difference between succeeding x-coordinates.
5. Stride lengths were calculated by the addition of two succeeding step lengths.
6. The average speed of each step was found by dividing the stride length by the 
relevant cycle time.
7. The angle of knee flexion at initial foot contact was calculated using QGait 
software. Using this, angle calculations are made from the marker data. Thus 
knowing the frame in which heel contact occurred allowed the corresponding 
knee flexion in degrees to be found. These were then entered into the 
spreadsheets containing the data and calculations just referred to (Table 8.5).
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Table 8.5. Example spreadsheet of calculations from ankle, toe and knee marker data
kt Session 6 r
Traverse Foot Frame Number H-T Cycle timi » H-X step stride Speed Knee
UR Heel (H) Toe (T) interval (sec) coord's lenpth length (m/s) angle
(ms) (m) UR (m) (m) (deg)
With shoes
kt10 L 75 80 83 0.867 -1.531 12
R 109 105 -67 0.817 -1.130 0.401 0.920 1.062 37
L 127 132 83 0.833 -0.611 0.519 0.877 1.074 14
R 158 154 -67 0.867 -0.253 0.358 0.909 1.091 37
L 177 180 50 0.298 0.551 0.893 1.030 19
R 210 205 -83 0.640 0.342 39
kt11 L 65 72 117 0.867 1.213 17
R 98 97 -17 0.867 0.769 0.444 0.937 1.081 41
L 117 123 100 0.833 0.276 0.493 1.729 1.995 16
R 150 144 -100 0.800 -0.960 1.236 1.511 1.813 41
L 167 172 83 -0.685 0.275 0.650 0.813 13
R 198 195 -50 -1.060 0.375 40
kt12 L 87 89 33 0.933 -1.646
R 121 117 -67 0.900 -1.387 0.259 0.829 0.888 48
L 143 145 33 0.917 -0.817 0.570 0.953 1.059 16
R 175 173 -33 0.967 -0.434 0.383 0.860 0.938 34
L 198 203 83 0.043 0.477 0.828 0.857 15
R 233 229 -67 0.394 0.351 38
Means H -T Cvcle Step Stride Speed Angle
R -61 0.872 0.461 0.991 1.142 39
L 74 0.481 15
Example calculations from ankle and toe marker data
Traverse Side 1 2 3 4 5 6 7
0.833
kt11 R 150 144 -100 0.800 -0.960 1.236 1.511 1.813 41
L 167 172 83 -0.685 0.275 0.650 0.813 13
R 198 195 -50 -1.060 0.375 40
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8.2.4 Normalisation
Normalisation was performed to account for the effects of changes in height due to 
footware and growth. The method used was the dimensionless one proposed by Hof 
[1996], used by Stansfield et al. [2001 a, 2001b, 2002] and verified by comparison 
with other normalisation methods by Pierrynowski and Galea [2001]. In this method, 
to take into account differences in subject’s accelerations due to differences in size, 
using the principle of equivalence of accelerations, g or its square root were used to 
render parameters dimensionless.
However the method of Stansfield et al [2002] used leg length, defined as the distance 
from the asis to the ground. As the measure of leg length used in this study did not 
include the foot or shoe, after correspondence with Stansfield who advised that the 
discrepancy between using leg length and height was less than 1%, it was decided to 
use barefoot and shod whole body heights (h) in normalising cycle time, step and 
stride lengths, and speed.
Inspection of the data and work by Grieve [1996] and Stansfield [2001] suggested that 
the heel-toe interval was more dependent on speed than height or leg length. For this 
reason a dimensionless formula involving velocity was constructed.
Two measures were not normalised, knee angle and PCI. For knee angle, there is no 
significant change with age [Sutherland et al., 1988]. For PCI, there is little change in 
energy consumption over a nine month period for children in the age group studied 
according to Waters et al. [1983].
The normalisation formulas were as follows 
cycle time (sec): tn = t/(h/g)1/2 
step length and stride length (m): In = 1/h 
speed (m/s): vn = v/(g*h)1/2 
heel toe interval (ms): tn = t*g/1000v 
Where n = normalised value, t = time, h = body height, g 
gravity, 1 = step or stride length, and v = velocity.
The formulas were set up in a spreadsheet and the means calculated for the raw data 
(as shown in Table 8.5) were normalised using the formulas. The resulting 
spreadsheets are in Appendix 5.
Page 8-17
Equation 8.3 
Equation 8.4 
Equation 8.5 
Equation 8.6 
= acceleration due to
Chapter Eight: Data Processing
8.2.5 Statistical Tests
Following professional statistical advice, due to the small number of subjects it was 
decided to use t-tests. As these assume a Gaussian distribution of the data, checks 
were made to ensure a normal distribution. Stem and leaf plots were made and outliers 
(data beyond ± 3 standard deviations from mean of remaining data) were removed.
In addition the software used to calculate the statistics allowed the use of the method 
of Kolmogorow and Smirnov to test for normality (GraphPad InStat, Graphpad 
Software Inc, San Diego, USA). The results demonstrated that the data was normally 
distributed.
Following this and based on the prediction that all the parameters would increase with 
stimulation, single tail t-tests were performed.
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9 RESULTS
9.1 INTRODUCTION
9.1.1 Patient Data
Details of each subject who completed the study are given in Table 9.1a
Table 9.1a Details of all subjects who completed the trial 
Subject Age (years) sex  Affected side_____________ orthosis Lea length discrepancv(mm)4
ao1 7 m Left Hinged AFO 15
as 8 f Left Hinged AFO 13
hp 13 f Asymmetrical diplegia L>R none at time of study 5
im 11 m Left none at time of study 10
jP 7 m Left Hinged AFO. 1cm raise 15
jr 6 m Right Hinged AFO 0
js 8 m Right none at time of study 5
jw 8 f Right none at time of study 15
kt2 12 f Right none at time of study 20
sf3 15 m Right Hinged AFO 5
1soft tissue release medial aspect left forefoot at age 5
^Adductor release and derotational osteotomy at age 6
3Serial casts to stretch right TA completed 6 months prior to starting stimulation
4Measured from ASIS to lateral malleolus
9.1.2 Summary of data processing
Marker data were inspected in the light of observations of the videos to eliminate steps 
that were obviously abnormal -  for example due to tripping1. Calculations of heel and 
toe contact times/positions were performed and the values obtained were entered into 
spreadsheets as detailed in the last section. The following parameters were calculated: 
cycle time, step length, stride length, speed, heel toe interval, degree of knee flexion at 
initial foot contact.
The resulting values were then inspected more closely to remove outliers. Outliers 
were defined as values beyond ± 3 standard deviations from mean of remaining data. 
Following this, 2302 steps were available for analysis.
The means and standard deviations of each of the parameters were calculated for each 
subject and session. The means of the relevant parameters were then normalised to 
render them dimensionless, as detailed in the previous section. Group means and
1 The TSV files of three dimensional marker data for all the subjects and sessions were recorded onto a
CD placed at the end of this thesis.
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standard deviations were then calculated. The statistical tests were then carried out.
The resulting spreadsheets are shown in Appendix 5, as are the PCI values obtained. 
Summaries of relevant extracts from these are presented in tables and graphs during 
the course of dealing with the research questions considered in this study.
To reiterate, the main questions considered were:
1. Does stimulation produce an effect? Moreover, as with adult stoke patients, is 
there (a) an immediate orthotic effect and (b) a more slowly developing therapeutic 
effect?
2. After stimulation is withdrawn, is there a carry over effect, perhaps due to some 
kind of learning in the nervous system?
A supplementary question asked was: are some children helped more than others?
If so, can these be related to different types and severity of CP?
9.1.3 Orthotic and Therapeutic Effects
To investigate an immediate orthotic effect, the indicators listed earlier were compared 
in sessions 4 shod and 4 stim. Any longer term therapeutic effect was measured by 
comparing these with session 5 stim2 (Table 9.1b and Figure 9.1).
The results of the orthotic effect comparison for all 10 children suggest:
Increased cadence (lower cycle time), increased step and stride lengths, increased 
speed and affected side heel-toe interval. Reductions in the contralateral side heel-toe • 
interval and PCI. Knee angles were almost unchanged. Significance at the p<0.05 level 
was reached for increases in stride length, contralateral step length and speed using 
paired t-tests. As these were predicted to increase before the study began, it was 
considered legitimate to apply single tail conditions to these parameters.
2 It was not possible to include session 5 shod in the comparisons of all 10 children as one child had 
worn his orthosis in this session. The results of sessions 4 shod, 4 stim and 5 stim for all 10 children 
only are therefore presented here. Comparisons which include 5 shod are made in the next section.
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Table 9.1b. All Subjects sessions 4 shod and 4 stim, no AFOs
Session 4 shod Affected Side Contralateral Side
Measure mean std dev Mean std dev
Cycle time 2.72 0.25
Step length 0.38 0.08 0.38 0.05
Stride length 0.76 0.11
Walking speed 0.28 0.05
Heel -  toe interval 0.24 0.65 1.14 0.38
Knee flexion 25 11 14 8
PCI 0.29 0.14
Session 4 stim Affected Side Contralateral Side
Measure mean std dev Mean std dev
Cycle time 2.69 0.28
Step length 0.40 0.07 0.40 0.05
Stride length 0.80 0.11
Walking speed 0.30 0.05
Heel -  toe interval 0.40 0.54 1.07 0.27
Knee flexion 26 12 14 8
PCI 0.27 0.13
Session 5 stim Affected Side Contralateral Side
Measure mean std dev mean std dev
Cycle time 2.62 0.24
Step length 0.40 0.06 0.42 0.04
Stride length 0.82 0.09
Walking speed 0.32 0.04
Heel -  toe interval 0.37 0.40 1.05 0.21
Knee flexion 23 11 12 10
PCI 0.28 0.15
Cycle time sessions 4 and 5 (10)
0  S ess io n  5  s tm□  S ess io n  4 shod □  S ess io n  4 stim
Figure 9.1a. Normalised values of cycle times for 10 subjects in sessions 4 shod, 4 stim and 5 stim
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step lengths 4 and 5 (10)
□ Session 4 shod □  Session 4 stim □  Session 5 stim ■  Session 4 shod □  Session 4 stim □  Session 5 stim
0.50
0.45
0.40
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i i r
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unaffected affected
Figure 9.1b. Normalised values of step lengths for 10 subjects in sessions 4 shod, 4 stim and 5 stim
stride length 4 and 5 (10)
1.00
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0 . ’6
□ Session 4 shod □ Session 4 stim □ Session 5 stim
Figure 9.1c. Normalised values of stride lengths for 10 subjects in sessions 4 shod, 4 stim and 5 stim
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Figure 9.1 d. Normalised values of speeds for 10 subjects in sessions 4 shod, 4 stim and 5 stim
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Figure 9.1e. Normalised values of heel-toe intervals for 10 subjects in 4 shod, 4 stim and 5 stim
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knee angles 4 and 5 (10)
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Figure 9.1f. Normalised values of knee angles for 10 subjects in sessions 4 shod, 4 stim and 5 stim
PCI 4 and 5 (10)
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Figure 9.1g. Normalised values of PCI for 10 subjects in sessions 4 shod, 4 stim and 5 stim
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To investigate a longer term therapeutic effect, the same indicators were compared 
between sessions 4 shod and 4 stim, and session 5 stim (Table 9.1 and Figure 9.1).
The results of this comparison suggest:
Increased cadence (lower cycle time), stride length, and speed, with very little change 
in PCI. Reductions in the affected and contralateral side heel-toe intervals, and both 
knee angles.
Paired single tailed t-tests showed greater significance at the p<0.05 level for 
increases between session 4 shod and session 5 stim than between 4 shod and 4 stim 
for the contralateral step length, stride length and speed.
To investigate any differences including session 5 shod, parameters of the nine 
children not wearing AFOs for any of these sessions were compared (Table 9.2 and 
Figure 9.2).
Again using single tailed t-tests, significance was reached at the p<0.05 level for 
stride length and speed (and contralateral step length between 4 shod and 5 stim only) 
when comparing session 4 shod with both 5 shod and 5 stim. There were no 
significant differences between 5 shod and 5 stim, using any measure.
Table 9.3 summarizes the t-test significance findings for all tests.
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Table 9.2. Nine subjects, excludes all AFO’s for shod and stimulation sessions
(excludes jr, as subject wore AFO in session 5 shod)
S e s s i o n  4  s h o d Affected Sicle Contralateral Side
Measure mean std dev mean std dev
Cycle time 2.71 0.27
Step length 0.38 0.08 0.39 0.05
Stride length 0.77 0.12
Walking speed 0.29 0.05
Heel-toe interval 0.23 0.69 1.19 0.37
Knee flexion 25 11 14 8
PCI 0.31 0.13
S e s s i o n  4  s t i m Affected Sicle Contralateral Side
Measure mean std dev mean std dev
Cycle time 2.64
Step length 0.39 0.07 0.40 0.05
Stride length 0.79 0.12
Walking speed 0.30 0.05
Heel-toe interval 0.38 0.57 1.08 0.28
Knee flexion 26 12 14 8
PCI 0.28 0.14
S e s s i o n  5  s h o d Affected Sicle Contralatera Side
Measure mean std dev mean std dev
Cycle time 2.60 0.24
Step length 0.40 0.07 0.41 0.03
Stride length 0.81 0.10
Walking speed 0.31 0.04
Heel-toe interval 0.19 0.45 1.08 0.21
Knee flexion 23 12 11 11
PCI 0.32 0.27
S e s s i o n  5  s t i m Affected Sidle Contralatera] Side
Measure mean std dev mean std dev
Cycle time 2.60 0.25
Step length 0.39 0.06 0.4 0.040
Stride length 0.81 0.09
Walking speed 0.31 0.04
Heel-toe interval 0.37 0.43 1.04 0.23
Knee flexion 23 12 12 10
PCI 0.29 0.15
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Cycle time sessions 4 and 5 (9)
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Figure 9.2a. Normalised values of cycle time for 9 subjects in sessions 4 and 5
4 and 5 step lengths (9)
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Figure 9.2b. Normalised values of step lengths for 9 subjects in sessions 4 and 5
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4 and 5 stride length (9)
□ Session 4 shod 0 Session 4 stim □ Session 5 shod □  Session 5 stim
Figure 9.2c. Normalised of stride lengths values for 9 subjects in sessions 4 and 5
4 and 5 speed (9)
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Figure 9.2d. Normalised values of speeds for 9 subjects in sessions 4 and 5
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Figure 9.2e. Normalised values of heel-toe intervals for 9 subjects in sessions 4 and 5
4 and 5 knee angles (9)
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Figure 9.2f. Normalised values of knee angles for 9 subjects in sessions 4 and 5
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PCI 4 and 5 (9)
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Figure 9.2g. Normalised values of PCI for 9 subjects in sessions 4 and 5
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Table 9.3. Results for paired single tailed t-tests on shod/stim traverses
Session
Comparison
Speed
all
Speed
9
Stride
all
Stride
9
Step all 
con
Step 9 
con
Step all 
aff
Step 9 
aff
4a vs 4b 0.0133 0.0279 0.0488 N/S 0.0499 N/S N/S N/S
4a vs 5a X 0.0143 X 0.0382 X N/S X 0.0412
4a vs 5b 0.0077 0.0179 0.0112 0.0232 0.0133 0.0292 N/S N/S
4b vs 5a X N/S X N/S X N/S X 0.0432
4b vs 5b N/S N/S N/S N/S 0.0330 0.0403 N/S N/S
5a vs 5b X N/S X N/S X N/S X N/S
Notes
X = test not appropriate due to different numbers of splinted subjects. 
“9” Group does not include child who wore splint in 5 shod 
N/S = not significant at p<0.05 
a = shod 
b = stim
con = contralateral side 
aff = affected side
Page 9-13
Chapter Nine: Results
9.2 IS THERE A CARRY-OVER EFFECT?
In adult studies it has been found that some patients experience an effect from the 
stimulation that continues after stimulation has been withdrawn. This had also been 
reported by Carmick [1995] in her children studies. To test if  this occurred with the 
children in this study, measures obtained in session 6 were compared with the same 
measures in sessions preceding the intervention.
There were no significant changes for this condition between any of the three barefoot 
trials, sessions 2, 3 and 6 (Table 9.4 and Figure 9.3a-g). Barefoot trials were not 
conducted in sessions 4 and 5, in order to maintain the same number of conditions 
being measured at each session.
Table 9.4. All subjects barefoot in sessions 2,3 and 6
Session 2 Affected Side Contralateral Side
Measure Mean std dev mean std dev
Cycle time 2.52 0.24
Step length 0.37 0.05 0.36 0.04
Stride length 0.73 0.08
Walking speed 0.30 0.04
Heel -  toe interval -0.20 0.16 0.50 0.43
Knee flexion 25 13 19 10
PCI 0.28 0.16
Session 3 Affected Side Contralateral Side
Measure Mean std dev mean std dev
Cycle time 2.52 0.28
Step length 0.36 0.08 0.35 0.05
Stride length 0.71 0.11
Walking speed 0.29 0.06
Heel -  toe interval -0.27 0.27 0.35 0.50
Knee flexion 26 10 17 10
PCI 0.29 0.13
Session 6 Affected Side Contralateral Side
Measure Mean std dev mean std dev
Cycle time 2.51 0.22
Step length 0.36 0.06 0.35 0.04
Stride length 0.71 0.10
Walking speed 0.29 0.04
Heel -  toe interval -0.17 0.39 0.60 0.26
Knee flexion 21 10 12 6
PCI 0.30 0.17
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Cycle Time Barefeet(10)
□ Session 2 0 Session 3 □  Session 6
Figure 9.3a. Normalised values of cycle times for barefoot sessions 2, 3 and 6
Step Length Barefoot (10)
0.50 -, 
0.45 - 
0.40 -
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Figure 9.3b. Normalised values of step length for barefoot sessions 2, 3 and 6
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Figure 9.3c. Normalised values of stride lengths for barefoot sessions 2, 3 and 6
speed barefoot 10
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Figure 9.3d. Normalised values of speeds for barefoot sessions 2, 3 and 6
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heel toe barefoot 10
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Figure 9.3e. Normalised values of heel-toe intervals for barefoot sessions 2, 3 and 6
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Figure 9.3f Normalised values of knee angles for barefoot sessions 2, 3 and 6
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Figure 9.3g. Normalised PCI values for barefoot sessions 2, 3 and 6
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Of the 10 subjects who completed the trial, different numbers of subjects wore their 
AFOs on different shod traverses (Table 9.5). Four children wore their AFOs in shod 
traverses of sessions 2 and 6, three wore them in those of session 3. As already noted, 
one wore his in the shod (unstimulated) part of session 5.
Table 9.5. Subjects wearing splints for shod traverses in different sessions
Subject\Session 2 3 4 5 6
ao X X X
as
hp
im
IP X X X
jr X X X X
js
jw
kt *
sf X X
* Additional information on kt session 3 shod is given in the footnote to this page.
It is possible to compare all 10 children in the shod traverses of sessions 2 and 6 
(Table 9.6 and Figure 9.4a-g), as in these sessions the same four children wore AFOs. 
For completeness the parameters for session 3 are also shown although no 
comparisons can be drawn3.
Comparing sessions 2 and 6 suggests that in 6 there is:
Increased cadence (lower cycle time), increased contralateral step length and stride 
length, increased speed and contralateral heel-toe interval. Reductions in the affected 
side heel-toe interval, both knee angles and PCI. However, these changes did not reach 
significance at the p<0.05 level.
3 Additional note on KT session 3 shod
In replacing the markers after subject put on shoes, the ankle and toe markers were accidentally not 
replaced. This was not noticed until sometime after the session and it was too late to repeat the 
experiment. However the subject did return to the laboratory the next day for the first of the stimulation 
trials. In this trial the shod condition was repeated before the stimulation trial.
During the shod trial (session 4) force platform recordings were repeated as well as full marker 
recordings. Comparing the force platform values for cycle time, stride length and speed with those 
obtained from the markers for one traverse showed a high degree of agreement, the difference between 
them was less than 1%. These values were therefore used.
Traverses were then found in other shod sessions which were within 5% of those measured using the 
force platform and these were used to interpolate the heel-toe intervals and knee angles.
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Table 9.6. All Subjects, sessions 2,3 and 6 shod (includes all AFOs)
S e s s i o n  2 Affected Side Contralatera] Side
Measure mean std dev mean std dev
Cycle time 2.62
Step length 0.41 0.07 0.40 0.06
Stride length 0.81 0.12
Walking speed 0.31 0.04
Heel -  toe interval 0.40 0.61 0.91 0.21
Knee flexion 24 16 19 13
PCI 0.34 0.16
S e s s i o n  3 Affected Side Contralatera Side
Measure mean std dev mean std dev
Cycle time 2.68 0.32
Step length 0.39 0.06 0.38 0.06
Stride length 0.77 0.11
Walking speed 0.29 0.05
Heel -  toe interval 0.47 0.72 1.03 0.44
Knee flexion 21 9 14 9
PCI 0.29 0.11
S e s s i o n  6 Affected Side Contralatera] Side
Measure mean std dev mean std dev
Cycle time 2.58 0.21
Step length 0.41 0.07 0.41 0.04
Stride length 0.82 0.09
Walking speed 0.32 0.04
Heel -  toe interval 0.35 0.53 1.06 0.23
Knee flexion 17 12 10 5
PCI 0.27 0.17
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Shod Cycle Time 10
3.50 -
3.00 - t
□ session 2 □  Session 3 ■  Session 6
Figure 9.4a. Normalised values of cycle times for shod condition in sessions 2, 3 and 6
Step lengths shod 10
□ Session 2 □  Session 3 ■  Session 6 □  Session 2 □  Session 3 QSession 6
0.60
0.50 -
unaffected affected
Figure 9.4b. Normalised values of step lengths for shod condition in sessions 2, 3 and 6
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Stride length shod 10
Figure 9.4c. Normalised values of stride lengths for shod condition in sessions 2, 3 and 6
Speed shod 10
Q 4Q , ' . i . . .   — " -...........  ■ 1 m. . . . ...... -.... - -. " ■ —.. ■ .
□  Session 2 0  Session 3 0  Session 6
Figure 9.4d. Normalised values of speeds for shod condition in sessions 2, 3 and 6
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Heel-toe Interval shod 10
□ Session 2 □  Session 3 B Session 6 □  Session 2 B Session 3 Q Session 6
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0.00
unaffected affected
Figure 9.4e. Normalised values of heel-toe intervals for shod condition in sessions 2, 3 and 6
knee angle shod 10
□Session 2 0 Session 3 ■ Session 6 □ Session 2 B Session 3 □ Session 6
unaffected affected
Figure 9.4f. Normalised values of knee angles for shod condition in sessions 2, 3 and 6
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Figure 9.4g. Normalised PCI values for shod condition in sessions 2, 3 and 6
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Turning to the other research questions posed: firstly are some children helped more 
than others? If so, can these be related to different groups of patients?
These questions are considered by looking at the subjective reports of children and 
their carers, together with records of individuals’ responses to the stimulation taken 
from the marker data.
9.3 RESPONSES TO QUESTIONNAIRE
A summary of the expectations and perceived benefits is given in Table 9.7. It is 
noted that not all children or their parents/carers hoped to achieve the same benefits. 
A copy of the questionnaire is given in Appendix 6.
In addition, 4 respondents reported difficulty with electrode placement and 3 reported 
difficulty with cooperation. No technical difficulties were reported. A general 
comment was that the equipment was large, heavy and lacking cosmesis, particularly 
with summer clothes and within the school environment.
Table 9.7. Summary of results from the questionnaire
Hope to achieve Improved No Change Worse
4 weeks
Heel strike 6 7
Stand flat feet 2 3 2
Improved walking 7 7
Reduce falls 2 3 2
Increase distance 5 5 2
Increase stamina 3 4 2 1
Reduce tone 3 3 2 1
12 weeks
Heel strike 7 7 1
Stand flat feet 3 3 1
Improved walking 8 7 2
Reduce falls 3 3 1
Increase distance 2 3 1
Increase stamina 2 2 2
Reduce tone 3 3 1
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9.4 EFFECT OF STIMULATION ON SPEED
Individual results were plotted across sessions to compare individual responses to the 
stimulation. The changes in speed for individuals may be indicative of the benefit from 
stimulation or lack of it, derived by the child.
Figure 9.5 shows the effect of stimulation on speed of walking in sessions 4 and 5.
9/10 children walked faster in 4 stim compared to 4 shod.
7/10 continued to increase their speed between 4 stim and 5 shod.
7/10 children walked faster in 5 stim compared to 5 shod
The child (js) who slowed in session 4 increased in speed between session 4 and 5 and 
walked faster again in session 5.
After session 4 the majority of children’s speed increased but three slowed down. Of 
these one (as) found the sensation unpleasant. Another (jp) was found to be more 
stable at the slower speed, in the clinical opinion of his regular physiotherapist, and so 
his slowing in session 5 was not seen as a failure. The other who slowed (jw) reported 
that she did not like the sensation of stimulation.
Figure 9.6 compares speeds in sessions 2, 3 and 6. A number of children slowed, 
perhaps partly caused by children rushing somewhat in session 2, bom out by the 
lower speeds recorded in session 3. The subject who was not wearing a splint in 
session 3 but was in the other two sessions is sf. The lowering of speed between 
sessions 2 and 3 was also found in the barefoot traverses (Figure 9.7).
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Session 4 Session 5
Figure 9.5. Normalised speed of each subject in sessions 4 and 5 
Note: subject jr wore an AFO for session 5 shod and thus was 
excluded from calculations of group means for these sessions.
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S p eed  all su b je c ts  s e s s io n s  2, 3, 6
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shod shodshod
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Figure 9.6. Normalised speed for all subjects for sessions 2, 3 and 6, with shoes 
Note: subject sf did not wear an AFO in session 3
Page 9-28
Chapter Nine: Results
Speed all subjects barefoot
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Figure 9.7. Normalised speed for all subjects for sessions 2, 3 and 6, barefoot
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9.5 OTHER DATA COLLECTED
As discussed earlier, the following other data were collected.
1. Age, sex, clinical history (Table 9.8)
2. Height, weight and leg lengths
3. Passive and active ranges of motion of the hip, knee and ankle (ROM)
4. Ground reaction forces
5. Estimation of type of hemiplegia [Winters et al., 1987]
Table 9.8. Clinical data of participants who completed the study 
Subject Age (years) sex_______ Affected side______________ orthosis_________Leg length discrepancy(mm)
ao* 7 m Left Hinged AFO 15
as 8 f Left Hinged AFO 13
hp 13 f Asymmetrical diplegia L>R none at time of study 5
im 11 m Left none at time of study 10
jP 7 m Left Hinged AFO. 1cm raise 15
jr 6 m Right Hinged AFO 0
js 8 m Right none at time of study 5
jw 8 f Right none at time of study 15
kt** 12 f Right none at time of study 20
sf*** 15 m Right Hinged AFO 5
* soft tissue release medial aspect left forefoot at age 5 
**Adductor release and derotational osteotomy at age 6 
***Serial casts to stretch right TA completed 6 months prior to starting stimulation
The heights were used in normalising kinematic data. Leg lengths were used to 
estimate the differences in leg lengths. Weights were collected at the start of each 
session, together with a measure of weight distribution due to the child standing with 
one foot on each force platform.
The ROM values obtained were inspected but large variations in values in the early 
parts of the study rendered them unusable. The errors appeared to be due to 
insufficient training in the exact measurement protocols.
The ground reaction forces were measured as the child walked over the platform. 
Unfortunately with some children either, they walked on one of the platforms only or, 
they missed the platforms entirely. As a result there were not enough data for a useful 
analysis of the group.
The type of hemiplegia [Winters et al., 1987] detailed in Chapter 5 was estimated 
from the barefoot video record of session 2 for at least 3 traverses, totalling at least 10
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steps for each child. The type categorised from 1-4 was estimated using the criteria 
listed on pages 5-12 to 5-15. The results are shown in Table 9.9.
Table 9.9 Subjects and type of spasticity exhibited
Subject ao as hp im jP jr js jw kt sf
Type 1 3 di* 2 3 1 2 2 3 2
*diplegic
It had been thought that a correlation between Winters’ types and responses to the 
stimulation may be possible. Using the criterion of speed increase, subjects as and jw 
slowed between sessions 4 shod and 5, both shod and stim (Figure 9.5). All the others 
increased their speed. Thus, it does not appear to be possible to derive a correlation in 
the case of this group. With larger numbers of subjects this may become so.
The speed graphs for session 2, 3 and 6, both shod and barefoot (Figures 9.6 and 9.7) 
show considerable variations, these are discussed in the next chapter.
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10 CONCLUSIONS and DISCUSSION
As stated in the introduction, the aims and purpose of the study were:
a. To establish whether Functional Electrical Stimulation (FES) applied to the anterior 
tibial muscles can be used successfully with children suffering from CP to control toe 
walking.
b. To discover any preconditions needing to be met to ensure success.
More specifically,
1. Is there a short term orthotic effect of stimulation?
i.e. Is there an improved control of the motion of the foot, immediately or in the 
short term
2. Is there a long term therapeutic effect of stimulation?
i.e. Is there an increase in the control of the motion of the foot over time.
3. If so, which parameters of gait are most changed?
4. Are some children helped more than others?
5. If so, can these be related to different groups of patients?
10.1 DOES STIMULATION PRODUCE AN EFFECT?
Is there an immediate orthotic effect and a more slowly developing therapeutic effect?
Comparing session 4 shod with sessions 4 stim, 5 shod and 5 stim for all the children 
(Table 9.1 and Figures 9.la-g, with levels of significance shown in Table 9.3).
1. There are significant increases at the p<0.05 level in speed, step length on the 
contralateral side and stride length.
Thus there appears to be an immediate orthotic effect1. However, the changes between 
session 5 shod and 5 stim were not significant (Table 9.3), suggesting a more slowly
1 The finding of an immediate response to the stimulation of TA alone contradicts the findings of Carmick 
[1993, 1995] that, in contrast to stimulation of gastrocnemius, changes due to stimulating TA alone took 
weeks or months to appear, or did not appear at all. The follow up study of gastrocnemius in the 
Roehampton laboratory, now underway, will hopefully clarify the issue.
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developing therapeutic effect, as for 9 of the subjects (see next section) there was a 
significant increase between session 4 shod and session 5 shod.
2. Trends which do not reach this level of significance were found in cycle time, 
affected step length, heel-toe interval, knee angles, and PCI.
Cycle time decreased both immediately and once again by the end of the phase. The 
affected step length increased immediately but maintained that change at the end of the 
phase.
In this case the affected side, heel-toe interval was seen to increase, suggesting that the 
mean heel-toe interval on this side was increased by the treatment, in line with 
expectations. The decrease in heel-toe interval on the contralateral side was to be expected 
if the gait became more symmetrical, again as would be expected if the treatment was 
effective.
The knee angle at first contact measures show an immediate reduction on the contralateral 
side, which was maintained. On the affected side, after a small immediate increase there 
was a longer term therapeutic effect reduction.
The PCI values changed very little during phase B of the study, with high levels of 
variation in the data, although the stimulated traverses both showed a lower PCI that that 
of 4 shod.
One confounding factor in the stimulation phase may be that monthly checks in phase B 
were necessary to ensure correct use of the equipment. It is recognised that this may have 
had an effect on the results due to motivational factors, although no therapeutic input was 
intended.
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Comparing sessions 4 shod and stim, and 5 shod and stim for 9 of the children 
(Table 9.2 and Figures 9.2a-g, with levels of significance shown in Table 9.3).
1. There are significant increases at the p<0.05 level in speed, step length on the 
contralateral and affected side (therapeutic effect only), and stride length 
(therapeutic effect only).
Thus there appears to be an immediate orthotic effect for speed. In addition, the levels of 
significance are seen to increase between session 4 shod and session 5 shod as compared 
to those found between 4 shod and 4 stim (Table 9.3), suggesting a more slowly 
developing therapeutic effect.
2. Trends which do not reach this level of significance were found in cycle time, step 
length and stride length (orthotic), heel-toe interval, knee angles, and PCI.
Cycle time decreased both immediately and once again by the end of the phase. On the 
other hand the affected step length increased immediately, increased for the shod part of 
session 5, returning to the length found at the initial stimulation traverses at the end of the 
phase. The stride lengths increase for stimulation in session 4 and continue to increase 
progressively through session 5.
The affected side heel-toe interval was seen to increase, suggesting that the mean heel-toe 
interval on this side was increased by the treatment, in line with expectations. The 
decrease in heel-toe interval on the contralateral side was to be expected if the gait 
became more symmetrical, again as would be expected if the treatment was effective.
The knee angle at first contact measures show an immediate reduction on the contralateral 
side, which was maintained. On the affected side, after a small immediate increase there 
was a longer term therapeutic effect reduction.
The PCI values suggest a clear stimulation response with reductions in both sessions 
compared to the shod traverses, albeit with high levels of variation in the data.
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10.2 WAS THERE A CARRY OVER EFFECT?
There is a lack of statistically significant changes between sessions 2, 3 and 6 for the 
barefoot condition. It is noted that step and stride lengths and speed are greater in session 
2 than in 3 and 6. However the heel-toe intervals on the affected side are less negative (i.e. 
less toe-first) than before stimulation. The knee angles show less flexion on both sides 
after stimulation. The small, non-significant increases in PCI are presumed to indicate no 
changes in energy efficiency. Although, as discussed shortly there are methodological 
problems with the PCI estimation of energy consumption.
The lack of statistically significant changes may be explained by the need for a degree of 
orthotic support as provided by shoes after stimulation as well as before, in order for any 
improvements to become manifest.
For shod conditions there were no statistically significant changes between sessions 2 and 
6 in any of the gait parameters. However Cycle time is less in session 6 compared to both 
pre-stimulation sessions. Similarly step length, stride length and speed are also greater in 
session 6 than the other sessions.
For heel-toe intervals, on the affected side session 6 has a lower interval than the other 
sessions, with the contralateral showing an increase. This could be regarded as away from 
normality. Finally it is noted that the standard deviations are very high, particularly on the 
affected side.
The knee angles suggest an improvement with both knees exhibiting less flexion at foot 
contact in session 6. Finally, unlike with the barefoot trials, PCI values show a clear 
downward trend.
The lack of statistical significance could be regarded as indicating that there was no carry 
over effect from stimulation. However, there are doubts as to whether session 2 data is 
representative of the normal walking of the children and this, combined with the 
following points, question such a conclusion.
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Firstly, the changes found in this study between sessions 2, 3 and 6 are suggestive of 
improvement. The lack of significance is likely to be due to the high standard deviations 
of data and small number of subjects. Secondly, the finding by Johnson et al. [1997], 
suggests that as reductions in speed are to be expected with CP children over time, a lack 
of decrease is a sign of an improvement. It is noted however that Johnson et al [1997] 
study was over 32 months and so 9 months may be too short for this effect to be 
important.
The progressive slowing between sessions 2, 3 and 4 shod, although not statistically 
significant (calculations not shown), may be due to the removal of AFOs (from 4 to 3 to O 
subjects, respectively). Temporal-spatial studies have found that AFOs increase gait 
velocity [White et al., 2002]. However, the slowing of subjects between sessions 2 and 3 
does not appear to be due to fewer children wearing splints, as the only child not wearing 
a splint in session 3 from the four who wore splints in session 2, showed an increase in 
speed in session 3 as compared with session 2 (Figure 9.6).
The attachment of surface EMG electrodes appear to cause a slowing of walking speed 
[Young et al., 1989]. It may be that the attachment of stimulation electrodes produces a 
similar effect but it appears that this has not yet been studied2. The effect of foot switches 
on gait speed also does not appear to have been reported on. The presence of foot 
switches and electrodes (but without the equipment switched on) in session 4 shod may 
have had an effect. From observation of the video record, there are signs of tentativeness 
in the gait of some children, which disappeared in later sessions. Due to the blinded 
structure of the trial, records were not analysed until the study was complete, preventing 
follow up measurements.
2 However Comeaux et al. [1997] mention that children wore inactive electrodes and stimulator unit in their 
pre-treatment sessions.
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As a result further work with more subjects and improved measurement techniques appear 
needed, to determine whether there are carry over effects and any effects of electrode and 
foot switch attachment.
An alternative/complementary explanation of the slowing is concerned with mood. It had 
been thought that by having an initial session (Session 1), familiarization with the 
laboratory situation would have taken place before session 2. It may be that the situation 
of laboratory measurements was still novel enough to cause excitement in session 2 but 
that by the time the children returned for sessions 3 and 4 the novelty had worn off. The 
effects of mood on gait has been investigated and suggests that elation or depression do 
have an effect on speed and other gait parameters [Sloman et al., 1982, 1987].
As a result it may be necessary to give children more time to acclimatize to the laboratory 
setting, and new sensations of wearing the equipment. In addition it seems wise to check 
if they are comfortable with the laboratory situation as well as the apparatus, quite apart 
from the sensory experiences of stimulation.
10.3 INDIVIDUAL DIFFERENCES
Turning to the other research questions posed in the introduction: are some children 
helped more than others and can these be related to different groups of patients? It would 
be of clinical importance to be able to relate different responses to FES of different groups 
of patients. One part of the present work was to compare increases/decreases of speed 
with the type and degree of disability of the individual child, using the categories 
developed by Winters et al. [1987]. No obvious correlation was found. Future work could 
be the use of the Gross Motor Function classification system [Wood and Rosenbaum, 
2000]. An additional possibility is the assessment of functional measures by use of the 
Gillette Functional Assessment Questionnaire [Novacheck et al., 2000].
10.4 STIMULATION EQUIPMENT
There are clearly areas of stimulator development that need to be addressed. These 
include size, weight, and appearance of the stimulator. With such improvements it may
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also be possible to reposition the stimulator on the leg near to the electrode sites. More 
thought may need to be given to foot switch and insole design to reduce the effects of 
wearing the equipment. Perhaps by thickening the latter and further reducing the size of 
the former. Alternatively, improvements may be achieved by removing the need for a 
foot switch altogether by use of another gait event detector such as a gyro [Ghoussayni et 
al., 2001].
Some other lessons learned in the present study include investigating ways to improve 
compliance. One is suggesting children walk for 0.5 - 1 hour per day using the stimulator 
rather than through the day. It would also be helpful to monitor usage by developing a 
data logger for the stimulator to record both times of use and the stimulation level used. 
At the moment, being unable to check usage results in an unquantifiable uncertainty 
regarding the amount of use a child made of the stimulator, the pattern of use and the 
intensity of stimulation. Such improvements are being pursued.
In order to compare the effects of stimulating different muscle groups a further study 
stimulating the calf muscles has just begun.
10.5 IMPROVEMENTS IN MEASUREMENT METHODS
In order to improve the accuracy of the kinematic measurements, two improvements are 
envisaged: higher frequency cameras and mounting markers in a more stable way.
Higher frequency cameras
In order to improve the measurements of heel-toe interval, using higher frequency 
cameras is likely to improve the resolution of marker position data and so reduce one 
source of error on this calculation.
Marker mounting
In the study undertaken, markers were attached using two sided tape, either directly to the 
skin or to wands which were themselves attached to the body by an elastic belt. In
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addition to the skin movements already considered, there are artifacts due the method of 
mounting the marker. Steps were taken to minimise these effects, as stated in Chapter 6.
Karlsson and Tranberg [1999] quantified the transient displacement of markers due to 
different forces on different attachment sites. The stiffnesses were found to vary between 
330 and 1900 N/m, with the least stiffness being in the ATP direction on the proximal 
thigh. The resonant frequencies of wand markers were measured as between 17 and 24 
Hz, depending on attachment site and whether or not the underlying muscles were 
relaxed or tensed. This study indicates that a full knowledge of skin marker movements 
require measurements of both the position of the relevant joint and the transient 
movements of markers.
There are also questions as to the effects of different methods of mounting markers on the 
skin. Manal et al. [2000] evaluated different shank marker sets in terms of location on 
shank, method of attachment, and physical characteristics of the sets (Figure 10.3). Each 
was compared with a percutaneous skeletal tracker (PST) attached to the malleoli. The 
unconstrained markers were attached by tape to the skin. The constrained markers were 
mounted on an Orthoplast™ shell. The under wrapped attachment method involved 
wrapping an elasticized band around the shank on top of which Velcro™ was used to 
attach the shell. The over wrap attachment method involved wrapping an elasticized band 
over the top of the shell.
It was found that mounting markers on the distal, rather than proximal lateral shank; 
using an under wrap, rather than over wrap; and with markers being constrained rather 
than unconstrained resulted in the best estimates of tibial rotation. Deviations between the 
values given by the PST and the optimal set up were still ±2-4°.
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S = corn trained lateral
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C = MfistoaiMd lateral 
(overwrap)
D = constrained MBT 
(un d w r a p )
E » co fjf îiilft td  MBT 
(vncrmwp)
F = unconstraried MBT
Figure 10.3. Different marker sets used to evaluate the effects of position, constrainment and type of 
attachment on estimates of tibial rotation [Manal et al., 2000].
Work to model the movement of markers relative to the underlying bone has been 
reported (Section 6.2.3.6). Andriacchi and Alexander [2000], in a review of gait analysis, 
use what they term the point cluster technique (PCT). This places a group of markers on a 
segment to minimize skin motion artifacts (Figure 10.4). The reduction in errors is stated 
to be 25% for angles and 33% for position [Alexander and Andriacchi, 2001].
It is noted that the need for clusters of markers, distal siting, and rigid mountings was 
recognized by Davis et al [1991]. They made provision for these problems in the early 
work carried out at the Newington Children’s Hospital. Figure 10.5 shows their
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Figure 10.4. Marker configuration used for the point cluster technique [Andriacchi and Alexander, 2000]
Figure 10.5. Marker system used at Newington Hospital cl980 -1990 [Davis et al., 1991]
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attachment layout. It appears that the reduction in the number of markers achieved by the 
modified Helen Hayes marker set was a response to the constraints of commercially 
available systems at that time. It is now becoming possible to track larger numbers of 
markers and so use clusters. As a result of such developments future studies can use 
improved methods of marker attachment and better marker arrangements to reach greater 
levels of accuracy.
10.6 OTHER WEAKNESSES OF THE STUDY
10.6.1 PCI
The PCI values were highly variable in the early sessions. One cause of this was a lack of 
experience in the protocol and thus variations in practice. In addition the duration of the 
walk was less than 20 seconds which was unlikely to be sufficient to bring the subject to 
steady state as is assumed in the test protocol (section 2.6.1). However for some of the 
subjects there were signs of fatigue at this point, i.e. beyond steady state.
10.6.2 ROM measures
ROM measures were also highly variable. This was probably partly due to lack of 
training of the investigators and to the difficulty in standardising the forces used to 
position joints in the static measures.
10.6.3 Effect of laboratory conditions on measurements
All the measurements took place under laboratory conditions. Although this allowed 
standardisation, it left unanswered the question as to whether the walking of the children 
was normal. A need for less intrusive measurements outside the laboratory is therefore 
indicated to verify and contrast the effects of different conditions. One possibility being 
investigated is the use of rate gyros and data loggers to record motion over a period 
without the need for coming into a laboratory.
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10.6.4 Information on duration and intensity of use of stimulator
One distinct gap in the data is the duration and intensity of use of the stimulator by 
subjects. Use of a diary card or a data logger is indicted for further studies.
10.6.5 Need for greater numbers of subjects
This was a pilot study and so small numbers sufficient for a basic statistical analysis were 
thought justified. To confirm and extend it larger numbers are needed. This would allow 
a greater confidence to be placed in the results and if sufficient numbers of each of 
Winters’ sub types could be recruited, it may then be possible to test the predictive value 
of these in selecting patients for FES.
Finally there was a lack of follow-up questionnaires after the 3 months of phase B and 
thereafter.
10.7 CONCLUSION: FES AS A THERAPY FOR CP GAIT
Forssberg [1992] suggests that one implication of the neurological damage to children 
with CP is that this influences the neural mechanisms responsible for the development of 
plantigrade gait, as considered in Chapter 5. He further suggests that although cortical 
structures may be used to voluntarily produce and control locomotor movements, as soon 
as the child focuses on other issues, “the original, autonomous and hardwired locomotor 
network” takes over. As a result of this, he suggests that rather than trying to train 
children to establish a straight plantigrade gait, a therapist should focus on the best way 
for the child to move with his or her constraints.
A question which arises from this account is whether FES can provide an augmentation 
to the contraction of gastrocnemius and tibialis anterior, which Berger et al.’s [1984] 
results suggest is lacking in children with CP. Further would this automatically 
compensate for the damage done to the locomotor system in such children and so reduce 
the child’s constraints referred to above? Work quoted in the introduction [Carmick 1993; 
Hazlewood et al., 1994; Carmick, 1995;. Comeaux et al., 1997] and the results of this 
study would suggest that this is so.
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APPENDIX 1 
ELECTRICAL STIMULATION1
Definitions and Types
Electrical stimulation is the application of electrical pulses to the body, be it for function 
or therapy. The classical example is that of the cardiac pacemaker.
The range of clinical uses of electrical stimulation is wide and includes:
• pain relief (often known as TENS - Transcutaneous Electrical Nerve Stimulation)
• maintaining or increasing range of movement
• muscle strengthening
• facilitation of voluntary motor function
• orthotic training or substitution
Functional Electrical Stimulation (FES) is a subset of electrical stimulation. The term 
FES is applied to systems which attempt to restore lost or impaired neuromuscular 
function, such as standing and walking in cases of paraplegia, by the application of 
electrical pulses to neural pathways or, but less often, directly to muscles. FES is also 
sometimes known as Functional Neuromuscular Stimulation or FNS.
At present few FES orthoses are clinically widely available, and that even those that are 
used on a daily basis require a good deal of input from clinicians, therapists and 
bioengineers, together with a considerable amount of commitment from the end user.
Principles of FES t
At the electrode-tissue interface a conversion occurs between the current of electrons 
passing through the wires and the current of ions moved within the tissue. Through this
1 Taken from “An introduction to functional electrical stimulation” by Amanda Lamb and David Ewins 
http://www.surrey.ac.uk/MME/Research/BioMed/de_page/fes_intr/
externally applied current, the depolarisation of nerve and muscle to threshold is 
produced by the transport of ions across the tissue membrane.
The factors determining whether sufficient current flows to cause an action potential are:
• impedance of body tissues
• electrode size and position
• stimulation parameters
The conductivity of body tissues is related to their water and ion content. Muscle is a 
good conductor, but conducts much better in the longitudinal direction of its fibres than 
in the transverse one, while adipose tissue is a good insulator.
Thus electrode position can affect the current required for stimulation. With surface 
electrical stimulation the effect of the electric current (the current density) diminishes 
with depth of tissue, as illustrated below:
SKIN SURFAi
NERVE BUNDLE
Figure 1. Representation of Current Density (Benton, Baker et al., 1981)
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FES Waveforms
FES involves depolarising nerve/muscle fibers via externally applied electric current. 
Once depolarised these fibers conduct action potentials as occurs in healthy tissue.
The electrical pulses applied may be: 
7. Monophasic
A m p l i t u d e
I n t e r - p u l s e  I n t e r v a l
P u l s e  W i d t h
The monophasic waveforms tend to be asymmetric biphasic as the net charge built up in 
the body by the waveform discharges:
A m p l i t u d erL1
I n t e r - p u l s e  I n t e r v a l
P u l s e  W i d t h
2. Charge Balanced
A m p l i t u d e
Inter-pulse Interval
. ..PulseWidth  ,
When charge balanced pulse types are used, no net charge is introduced to the body. This 
is particularly important for some types of denervated muscle stimulation and for 
implanted electrodes, where electolysis at the electrode tissue interface could take place if 
there was a non-zero net charge.
Techniques for Electrical Stimulation
F a r a d i c  E l e c t r i c a l  S t i m u l a t i o n
Faradic stimulation is used for innervated muscle, i.e. when the lower motor neurons are 
intact. Stimulation is applied via the nerves often at the muscle motor points. The nerves’ 
depolarisation leads onto muscular contraction.
Faradic stimulation can be considered to be ac with pulse widths <lms typically around
0.3ms, with a frequency <100 Hz due to the absolute refractory period of normal muscle. 
The contractions produced can be:
• approaching near normal voluntary levels of muscle force
• sustained
• tetanic
It is for these reasons that the majority of functional electrical stimulation techniques 
require intact lower motor neurons, and use faradic stimulation techniques to achieve the 
desired muscle contraction.
G a l v a n i c  E l e c t r i c a l  S t i m u l a t i o n
This is often known as interrupted dc as it conventionally requires pulsewidths of about 
100 ms. It is used to stimulate denervated muscle directly, but at best produces weak 
tetanic forces. The use of this technique for functional restoration is therefore limited, and 
with the conventional approach the therapeutic benefits have been considered minimal. 
However, more recent work, including that at Surrey, in collaboration with Odstock 
Hospital, Salisbury, has indicated that there are increased, though largely therapeutic, 
benefits to be gained by using biphasic waveforms of around 10-15 ms pulsewidth and 
frequencies of about 10Hz.
I n t e r f e r e n t i a l  E l e c t r i c a l  S t i m u l a t i o n
This is used for deep tissues where with fardic type pulses a high, and consequently often 
painful, stimulation intensity is needed to reach the desired muscles, eg pelvic floor 
muscles. By increasing the frequency the body impedance is reduced and thus the 
necessary stimulation intensity to ensure depolarisation of the deep nervous tissue is 
lowered.
In a simple application two medium frequency signals, eg of the order of 3kHz, are 
applied to the body. The "mixing" of these within the body produce a beat signal with a 
pulsewidth within the faradic range. This then leads onto nerve depolarisation as would 
be the case with direct faradic stimulation.
Interferential stimulation is not often used for functional neuromotor stimulation as 
compared with faradic type stimulation, it requires greater energy consumption and often 
a greater number of electrodes.
Application of Faradic Stimulation
Faradic stimulation may be divided into four main classes:
• Transcutaneous
• Percutaneous
• Subcutaneous - via peripheral root nerves
• Subcutaneous - via spinal root nerves
These represent the depth that the electrode is placed at. Generally as the electrode gets 
closer to the nerve/muscle, then so the intensity required to initiate nerve depolarisation is 
reduced, thus less energy is required for the action. Equally important is the fact that that 
it is possible to be much more specific about which nerves, and therefore to some extent 
which motor units, are stimulated as the electrodes get closer to the nerve/muscle.
Transcutaneous Stimulation
Transcutaneous stimulation takes place on the skin via surface electrodes. The intensity 
needed varies greatly with the muscle, its condition, the stimulation pulsewidth used and 
the contraction required, but in some cases, eg when stimulating the quadriceps to effect 
standing, then amplitudes up to around 150 mA are not uncommon. The best results are 
obtained by removing hairs from under the electrodes (through clipping NOT shaving) 
and using a conducting jelly between skin and electrode.
Typical Electrode Positions for Quadricep Stimulation (-ve over motor point) 
(c) David Ewins 1990
Typical Electrode Positions for Peroneal Stimulation -  to trigger the withdrawal reflex 
(c) David Ewins 1990
Apart from the high energy required to maintain stimulation, the other major drawback 
with surface stimulation is that fine movements (as required to produce function in the 
hand) can be difficult to produce and reproduce. Monophasic or charge balanced pulse 
types may be used.
P e r c u t a n e o u s  S t i m u l a t i o n
The electrical stimulation is transmitted through the skin via a wire or needle into the 
muscle belly. Flexible wires are most often used as the electrodes as they enable the 
subject to move around more. This type of stimulation is generally used for research only 
as it is not considered ethical in a clinical situation.
S u b c u t a n e o u s  S t i m u l a t i o n
1. Via peripheral root nerves
Electrode cuffs around nerve bundles are sutured to the muscle epimyseum.
2. Via spinal root nerves
Electrodes are implanted around spinal root nerves specific to the stimulation needed, eg 
sacral roots for bladder stimulation, and possibly lumbar roots for standing/walking.
Control of Muscle Contraction
Surface electrical stimulation typically consists of a train of regular monophasic or 
biphasic pulses, which may be described by the following parameters: 
frequency; amplitude; duration of individual pulses; duration of the pulse train; and rise 
time for the individual pulses.
Some of these are defined in the FES pulse train shown in below.
An FES Pulse Train
The amplitude and pulse width of the stimulation must be sufficient to meet the threshold 
of excitability of the stimulated tissue, changes under this level will have no effect as
H'
A m p litu d e
A
u .
Jth
In te r-p u lse  Interval
u ls e  W i
shown in the graphs below.
As the amplitude or pulse width rise, the nerve fibres nearest the electrodes and largest in 
diameter are triggered to threshold and fire. This continues until all fibres are firing at 
which point no more increase in force can be obtained, the muscle is said to be saturated.
This increase in recruitment is almost linear between threshold and saturation as shown 
below:
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Effect of Amplitude on Force - Data taken from quadriceps femoris, surface electrodes, pulse duration 300 
microseconds, frequency 35 Hz. (Adapted from Benton, Baker et al., 1981)
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Effect of pulse duration on force - Data taken from surface stimulation of the dorsiflexors at a stimulation 
voltage of 50V and a frequency 30 Hz. Adapted from: Functional Electrical Stimulation: Standing and 
Walking after Spinal Cord Injury. (Kralj and Bajd, 1989)
The rate of rise of the pulse can also be important. Too slow a rise time results in changes 
in the tissue membrane known as accommodation, which gradually elevates the threshold 
required for the nerve to fire. The pulse used in electrical stimulation do not, in general, 
allow this effect to occur.
The rate at which the nerve fibres fire is dependent on the frequency of pulse repetition.
A single pulse produces a short lived muscle twitch of not more than 250ms.
If pulses are repeated more frequently than this the muscle does not have time to relax in- 
between stimuli and eventually tetanic (continuous) contraction occurs.
Although these look similar to contractions evoked by voluntary stimuli, as voluntary 
motoneurons are innervated asyncronously, tetany is achieved at much lower rates - 5-25 
Hz.
The Effect of Muscle Fatigue
The high rate of synchronous activity in electrical stimulation can cause decreased neural 
transmitter release. However, the biggest problem is that of muscle fatigue 
itself. This is because stimulation tends to elicit recruitment of the larger diameter 
motomeurons (they have a lower threshold), which recruit the faster and more
powerful muscle fibres. These fibres, termed type 2 or white, fatigue quicker than the 
slower, but less powerful type 1 or red muscle fibres. Additonally, with long 
term paralysis, there can be a transformation of slow fibres to fast ones, which will 
exacerbate the fatigue problem
This type of fibre recruitment is often a reversal of the normal patterns which, in addition, 
involve an asynchronous firing which will allow fibres to "rest". Overall, stimulated 
muscle will generally fatigue sooner than the same response initiated voluntary.
There is also a good deal of work being undertaken in muscle conditioning, eg the use of 
skeletal muscle for cardaic assist (caridac myoplasty).
As shown below, the higher the stimulation frequency, the faster the muscle fatigues:
Force (% max)
100
80
Effect of frequency on fatigue - data is from an implanted electrode on the peroneal nerve. (Benton, Baker 
et al., 1981)
Requirements of a Practical FES System
1. Should be Simple to Don and Doff
This is vital as it will to a large extent determine the amount of use the patient will get out 
of their system. This will limit the number of connections and leads that are external to 
the body.
2. Function must be Relevant to the User
Some functions seem to have 'obvious' relevance to anyone. But even a function like 
standing may be of very little use to paraplegic in adapted accommodation.
3. System must Consistently Provide the Desired Function
The electrical orthosis must provide the desired function under a range of working 
conditions both external, eg location, and internal, eg electrode positioning.
4. The System must include the User
The condition of the user's muscles, bones, ligaments and cardiovascular performance are 
of vital importance in ensuring that the required function can be attained safely and 
repeatably.
5. User must be Aware of the Limitations of the System
It must be ensured that the user has realistic expectations. With open-loop systems the 
user should understand the problems that may occur, eg with fatigue, and realise how 
these will affect the performance of the system.
6. User must Understand Committment Required to Maximise the Benefits 
Generally a long term commitment to a training program (>3 months for "sit to stand") is 
required.
7. System should Ideally be Fail Safe
This is not at present always possible, eg how does one make an electrical stimulation 
only standing system fail safe! With open-loop systems the user should possess the
strength/control to cope in the event of a systems failure. The degree to which failure is 
dangerous depends on the system - but the possibility of failure needs to be carefully 
considered in programming the stimulator.
A practical electrical orthosis therefore consists of two components. Firstly, a reliable and 
adaptable system capable of responding to changing parameters. Secondly, a trained user 
with the necessary motivation. Both parts are of equal importance.
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APPENDIX 2
GAIT ANALYSIS SYSTEMS
INTRODUCTION
3D Kinematic motion analysis systems based on various physical principles have been 
implemented over the past 100 years. Interrupted light/ stroboscopic still photography and 
motion picture film were early methods for recording motion. Recently video has become the 
preferred method, utilizing either passive (the majority of systems), or active markers. Other 
approaches have used ultrasound, microwaves, accelerometers, inertial sensors (gyroscopes), 
magnetic sensors, global positioning satellites or goniometers. One (Inter Sense) combines 
sensor types such as inertial and ultrasound.
A number of reviews of the systems listed are in the literature. This report concentrates on those 
concerning 3D movement analysis systems. One more general survey is used which includes 
other gait analysis system measures, such as force, pressure, EMG, etc.
Comparisons of systems
Three system comparison meetings were held in Japan, in 1993, 1995 and 1999. The first two 
have been published. [Ehara Y, 1995]and [Ehara Y, 1997]. A report on the 1999 meeting was 
obtained via the web [personal communication]. The methods used were basically the same on 
each occasion, although becoming more elaborate.
Using a human to move a marked device in prescribed ways, the main measurements were:
1. Distance between two marked points (called distance accuracy), in the vertical, forward and 
medio-lateral directions during movement.
2. The accuracy with which the system measured a known angle (called angle accuracy) during 
movement.
3. Position of each of the two markers, when markers are stationary (called noise).
4. Time taken to calculate 3D coordinates and display a 3D stick figure after measurement 
(called Process time)
The results are listed later in this appendix.
In a comparison carried out in the USA, [Richards, 1999] used a device that allowed the 
measurement of :
1. the distance between two rotating, constantly visible markers
2. motion relative to a static marker
3. position-time histories of markers visible to alternating sets of two or three cameras
4. motion in close proximity to a second marker
In addition he noted the time taken to track and edit the data.
The protocol used, system details and results are given at the end of this appendix.
Other reports have considered one system [Klein P, 1995] for Ariel and [Linden DWV, 1992] 
for Motion Analysis. These are not discussed in this report..
The report begins with a table of systems found in the literature and from web searches.
NAMES OF SYSTEMS, MANUFACTURERS AND TYPES, LISTED BY CATEGORY
Kinematic: Names of systems, manufacturers and types of systems
System name Manufacturer/ Supplier Type
6D-Motion Monitor Innovative Sport Training Inc Electromagnetic
6D-RESEARCH Skill Technologies Inc Motion capture and kinematic 
analysis software for Ascension and 
Polhemus hardware.
APAS Ariel Dynamics Inc Passive video
Biolink HPT Inc 3D analysis service only
Bird/ Motion Star Ascension Technology Corp. “DC” magnetic tracking
Codampx30 Chamwood Dynamics Active sensors
Elite Plus BTS Passive video
GaitLink CFTC 3D analysis service only
HiRES Motion Analysis Corporation Passive video
IS-600Mk2 InterSense Inc Inertial and ultrasound
Kinemetrix Orthodata /MIE Passive video
Kwon 3D Kwon3d.com 3d motion analysis system
Lifeshirt Lifeshirt.com Accelerometer/vital signs/data logger
Locus MA-6250 Anima Corporation Passive video
Motus Peak Performance Technologies Inc Passive video
Moving Images/Mini 
Tracker
EPM Systems Inc/ SLE Ltd. Limb motion/ body orientation 
sensors
Optotrack Northern Digital Active video
ProReflex Qualisys AB Passive video
SIMI-Motion 5.0 SIMI Reality Motion Systems GmbH Passive video
Star Track Polhemus Inc RF electromagnetic tracking
Various goniometers and 
torsiometers
Biometrics Ltd. Strain gauges
VICON 512 Oxford Metrics Ltd. Passive video
Virtual Corset Microstrain Inc Inclinometer and datalogger
WINanalyze Mikromak GmbH Passive video
Kinetic: Names of systems, manufacturers and types of systems
System name Manufacturer/ Supplier Type
Adam Addon Elektronik System GmbH Uniaxial strain gauge
EquiTest Neuro Com/ SLE Ltd. Moveable force platform
Force switches Biometrics Ltd. Switch
Various force platforms AMTI Triaxial strain gauge
Various force platforms Bertec Triaxial strain gauge
Various force platforms Kistler Triaxial piezoelectric
Pressure Measurement
Emed and pedlar Novel Pressure sensors
F-Scan, Mat-Scan and other Tekscan Inc Pressure/force sensors
Gaitrite CIR/ SMS Pressure sensor mat
Musgrave Footprint Musgrave Medical Ltd. Pressure sensors
EMG: Names of systems, manufacturers and types of systems
Equipment name Manufacturer/ Supplier Type
Bagnoli 2,4, 8 Channel Delsys Inc/ Median Systems Parallel (2 or 3) bar active electrode
Various electrodes and supplies Nidd Valley Medical Ltd. FES/TENS stimulating electrodes
Various electrodes and supplies SLE Ltd. EEG/EMG/ surface and needle
Various electrodes and supplies Motion Lab Systems Active
Various electrodes and supplies Biomedical Life Systems FES/TENS stimulating electrodes
Footswitches
Equipment name Manufacturer/ Supplier Type
Footswitches (various sizes) B&L Engineering Compression Closing (insole)
Footswitches (various sizes) Motion Lab Systems FSR (discrete)
MANUFACTURERS’/AGENTS’ WEB SITES
Manufacturer/Agent Web Site
Addon Elektronik System GmbH http://ikd.com/addon/
AMTI http://www.amtiweb.com/
Anima Corporation Not found
Ariel Dynamics Inc http://www.arielnet.com/
Ascension Technology Corp. http://www.ascension-tech.com/
Bertec Corporation http://www.bertec.com/
Biomedical Life Systems http://www.bmls.com/
Biometrics Ltd. http://www.biometricsltd.com/
BTS http ://www.bts.it/bts/
CFTC http://www.cftc.com/
Chamwood Dynamics http://www.chamdyn.com/
CIR Systems Inc httn://www. eai trite.com
Delsys Inc http://www.delsys.com/
EPM Systems Inc http://www.sleepmate.com/
HPT Inc http://www.hpt-biolink.com/
Innovative Sport Training Inc http://www.innsport.com/
InterSense Inc http://www.isense.com/
Kistler http ://www.kistler.ch/biomech/
Kwon3d.com http://www.kwon3d.com/
Lifeshirt.com http://www.lifeshirt.com/
Median Systems median@eiltd.demon.co.uk
Microstrain Inc http://www.microstrain.com/
MIE Medical Research Ltd. http://www.mie-uk.com/
Mikromak GmbH http://www.mikromak.com/
Motion Analysis Corporation http://www.motionanalysis.com/
Motion Lab Systems Inc http://www.emgsrus.com/
Musgrave Medical Ltd. http://www.musgraveweb.com/
Neurocom Inc http://www onbalance.com
Nidd Valley Medical Ltd. None found
Northern Digital Inc http :// www.ndieital.com
Novel GmbH http://www.novel.de/
Orthodata GmbH http://www.orthodata.de
Oxford Metrics Ltd. http://www.vicon.igw.com/
Peak Performance Technologies Inc http://www.peakperform.com/
Polhemus Inc http://www.polhemus.com/
Qualisys AB http://www.qualisys.com/
SIMI Reality Motion Systems GmbH http://www.simi.com/en/
Skill Technologies Inc http://www.skilltechnologies.com/
SLE Ltd. http://www.sle.co.uk/
SMS Technologies Ltd. http://www.sms-technologies.co.uk/
Tekscan Inc http://www.tekscan.com/
Traxtal Technologies Inc http://www.traxtal.com
RESULTS OF SYSTEM COMPARISON STUDIES
1. Japanese comparison meetings
Ehara provided the following tables of systems tested in 1999 (personal communication).
Distance Accuracy (mm)
SYSTEM TRUE DIRECTION AVERAGE SD Ave.Abs Max.Err+ Max.Err-
VICON 512 899.8
899.8
899.8
VER.
FWRD
L/R
900.392
899.348
900.061
0.631
1.942
0.707
0.748
1.768
0.602
2.479
4.425
2.077
-1.314
-3.368
-1.636
Elite Plus 900.1
900.1
900.1
VER.
FWRD
L/R
898.123
898.108
897.173
0.896
2.404
1.061
1.990
2.639
2.928
0.900
10.862
0.116
-4.456
-8.192
-5.849
Peak Motus Realtime 900.2
900.2
900.2
VER.
FWRD
L/R
899.798
901.600
900.039
1.170
1.864
1.571
0.979
1.787
1.202
2.520
7.994
4.327
-3.146
-3.578
-5.348
Peak Video Motus 900.2
900.2
900.2
VER.
FWRD
L/R
900.565
900.514
903.795
1.919
4.543
1.632
1.611
3.920
3.595
4.477
6.867
9.371
-9.521
-9.414
0.086
Locus MA-6250 New 899.8
899.8
899.8
VER.
FWRD
L/R
896.791
895.228
898.550
5.295
14.912
7.030
4.687
12.426
5.990
8.410 
26.414
14.410
-14.929
-37.461
-17.790
6D-MotionMonitor 900.2
900.2
900.2
VER.
FWRD
L/R
927.357
909.988
912.895
3.086
4.516
2.465
27.157
9.788
12.695
34.475
17.652
17.849
20.208
2.451
7.781
HiRES-
Expert Vision System
900.1
900.1
900.1
VER.
FWRD
L/R
899.351
899.005
899.422
1.878
1.243
0.733
1.574
1.468
0.822
4.528
2.041
2.243
-8.286
-4.165
-3.012
ProReflex/
Q Trac /Q Gait
899.9
899.9
899.9
VER.
FWRD
L/R
901.402
901.776
898.646
1.281
1.251
0.909
1.512
1.876
1.279
3.833
5.314
0.824
-1.158
0.022
-3.707
IS-600MK2 899.8
899.8
899.8
VER.*
FWRD
L/R
789.041
896.124
933.202
0.000
31.576
40.716
110.759
28.297
36.353
-110.759
31.270
93.459
-110.759
-48.257
-21.147
*Some Error happened during this measurement. 
Ave.Abs Average of the absolute error 
Max.Err+ Max value -  true value 
Max.Err- Min value -  true value
Angular Accuracy (Deg)
System True Average SD Ave.Abs Max.Err+ MaxErr-
VICON512 90 89.777 0.129 0.226 0.149 -0.562
Elite Plus 90 ' 90.056 0.271 0.222 0.682 -0.661
Peak Motus Realtime 90 92.687 0.633 2.687 4.395 1.182
Peak Video Motus 90 92.175 0.317 2.175 3.287 1.237
Locus MA-6250 New 90 90.654 1.481 1.145 4.512 -7.171
6D-MotionMonitor 90 90.172 0.080 0.178 0.269 -0.133
HiRES-Expert Vision System 90 89.463 0.332 0.560 0.707 -1.384
ProReflex/ 90 90.605 0.257 0.619 1.137 -0.186
Q Trac /Q Gait 
IS-600MK2 90 92.444 2.191 2.484 5.650 -0.250
Noise(mm)
System Direction SD for Point A Max-Ave Min-Ave SD for Point B Max-Ave Min-Ave
VICON512 VER. 0.066 0.183 -0.193 0.038 0.133 -0.163
FWRD 0.048 0.150 -0.134 0.037 0.127 -0.115
L/R 0.043 0.124 -0.139 0.031 0.111 -0.076
Elite Plus VER. 0.099 0.198 -0.483 0.207 0.516 -0.595
FWRD 0.108 0.344 -0.272 0.223 0.583 -0.588
L/R 0.122 0.360 -0.298 0.099 0.257 -0.396
PeakMotus Realtime VER. 0.826 2.127 -2.373 0.809 2.012 -2.888
FWRD 0.590 1.640 -1.760 0.618 1.523 -1.677
L/R 0.316 0.933 -0.667 1.036 1.665 -1.435
Peak Video Motus VER. 0.661 2.238 -2.462 0.860 1.951 -2.149
FWRD 0.833 2.231 -2.369 0.901 2.411 -3.889
L/R 3.922 6.038 -5.262 4.138 7.593 -5.707
Locus MA-6250 New VER. 0.578 1.750 -1.250 0.854 2.333 -1.667
FWRD 0.599 1.177 -1.823 0.675 2.357 -1.643
L/R 1.184 1.687 -1.313 0.526 0.500 -1.500
6D-Moti onMonitor VER. 0.000 0.000 0.000 0.000 0.000 0.000
FWRD 0.373 0.167 -0.833 0.244 0.063 -0.937
L/R 0.325 0.120 -0.880 0.500 0.510 -0.490
HiRES- VER. 0.020 0.174 -0.016 0.134 0.381 -0.399
Expert Vision FWRD 0.066 0.095 -0.225 0.277 0.509 -0.661
L/R 0.106 0.096 -0.224 0.073 0.164 -0.276
ProReflex/ VER. 0.037 0.023 -0.061 0.028 0.011 -0.073
Q Trac/Q Gait FWRD 0.026 0.090 -0.076 0.040 0.052 -0.032
L/R 0.024 0.077 -0.090 0.039 0.027 -0.057
IS-600MK2* VER. 0.0 0.0 0.0 0.0 0.0 0.0
FWRD 0.0 0.0 0.0 0.0 0.0 0.0
L/R 0.0 0.0 0.0 0.0 0.0 0.0
* 40 samples for this system (other systems took 300 samples)
* The minimum unit of the recording of this system was 0.1mm, so 0.0 mm noise is equivalent to less than 0.1mm noise.
* This system used a filter to output these data.
Processing time
System 6D Elite HiRES Locus Peak Realtime Peak Video ProReflex VICON
Time 1.5 sec 8.9 sec 0 sec 2min 25sec 16.2 sec 12min 54sec 56.3 sec 3.1 sec
2. Richards (2000) comparison studies
Procedure for optical m arker systems
Plate; EnMrtVkw
Device used to test optical marker systems.
Data was obtained from active and passive marker systems using a device that supported seven markers. Two 
markers were placed 50 cm apart on top of a rigid aluminum bar that rotated in the horizontal plane at a rate of 
approximately 60 rpm. These markers were visible to a majority of cameras at all times during the test. Three 
markers were placed in a triangular pattern on a plate mounted vertically at the end of the bar. The plate was 
perpendicular to the bar, and the markers were placed on the outside surface so that they were only visible to a 
subset of cameras as the bar rotated. The plate-mounted markers were never visible to more than three cameras at a 
time. A sixth marker was mounted to the base of the device on a 3-cm rigid post. The final marker was mounted to a 
post on the bottom of the rotating bar. The post placed this marker at the same height as the stationary base-mounted 
marker. The position of the marker below the bar was adjustable along the length of the bar so that the minimum 
distance between the stationary marker and the orbiting adjustable marker could be controlled. In all, six trials were 
collected with the variable and stationary markers separated by distances of 5,4, 3,2, 1, and 0 cm, respectively.
Analysis
The operators of each system processed the data from each of the trials to created the three dimensional coordinates 
of each of the seven markers. The raw unsmoothed data was saved to disk and processed using a custom program 
designed to measure the following variables for each frame in the trial and comparing them with the known values.
The measured distance or angle was subtracted from the known to give the DC offset. The maximum absolute error
was also recorded. Finally the noise associated with this measure for each trial was determined by taking the RMS
of the difference between the average measured distance or angle and the measured distance or angle for each frame 
of the data.
The specific measures analysed in this way were:
1. Distance between two markers on top of bar.
2. Distance between two markers on top of the plate
3. Angle formed between the top two markers on the plate and that at the bottom.
4. The stationary marker position
Procedure for magnetic system
As tethered sensors were utilized by the Skill system, the above device could not be used. Instead two markers were 
placed on a meter rule at a known distance apart. The distance between them was measured with the rule static and 
horizontal along the systems Y-axis. The rule was then spun about its long-axis and rotated about the vertical. The 
RMS and maximum errors were calculated, for the distance between the sensors and sensor orientation, respectively.
Manufacturers* specifications for selected param eters. From  Richards (1999)
Company Adel Cham-wood mm... . Motion Analysis Northern Digital Peak Perform, Qoalisys Skill Technol Vieon
System APAS CODA ElitcPlus HiRcs Optodak Moms Mcticx Imperial 370
Computer PC PC PC PCMGI PC PC PC/Mac PC PC
Accuracy3 1.0 mm 0,1mm 1.0 mm 0.1mm 0,2 mm 0,2 mm 0,6 mm 15 mm
Max sensors 9 6 Codas 8 16 8 sensors 6 32 32k 7
Max f marks 256 28 - 400 256 500 150 m No limit
Calibration Rme Factory Wand CM  Wand Factory Wand Wand or Frame Rctoiy Wand or Frame
Centroid Average Active - Average Active Circle tit Matching # Circle fit
Lens Map None Virtual grid Grid Wand None Grid Proprietary Field map Grid
L#ig Rood AcMR R Re# Activent Re# m !# Re#
Speed (fps/Hz) Same as recorder 200 w/28 markers 50-120 6 M 1200f(# of markers) 50-200 1-1000 120 60-340
Results for video systems. F rom  Richards (1999)
Measured distances between two fully visible markers spaced at 50 cm
System
11j
Measured distance (cm)™ RMS error (cm) 1 1
Ariel 1.73 49.882 0.427 1.666
CODA 3.10 50.112 0,487 1215
Elite 2.00 50,133 0.173 0284
Motion 4.00 49.796 0.059 0,183
Peak 4.60 49.942 0.091 0359
Qualisys 2.50 49.906 0.080 0.198
Vicon 2.00 49.953 0,062 0.183
Measured distance between the top two markers on the rotating plate; the known distance between the two top plate 
markers was 9 cm
System Measured distance (cm) RMS error (cm) Max error (cm)
Ariel 9.015 0.151 0.494
CODA 8.928 0,225 0,926
Elite 9,159 0.446 1,613
Motion 9.057 0.149 0299
Peak 9.076 0.177 0.582
Qualisys 9.004 0.221 1.276
Vicon 8.980 0,129 0257
Measured angle between the markers on the rotating plate; the known angle between the plate markers was 95.8°
System Measured angle (degree) RMS error (degree) Max error (degree)
Ariel (2 Cam) 95.104 2.109 5.062
CODA 95.524 3392 9.035
Elite 95.148 4287 14.309
Motion 95.798 1.761 6.284
Peak 96200 3.772 12.666
Qualisys 94.389 4.498 19.256
Vicon 94.543 1.421 4.632
RMS values for the stationary marker variability as a function of minimum variable marker distance■O*I1 M el CODA Elite Motion Peak QSalisys Vicon
5 - 0.074 0.123 0.085 0.125 0.084 0.047
4 0,390 0,235 0,141 0,090 0,117 0,048 0,072
3 — 0,221 0,174 0,091 0,155 0,052 0,068
2 0,364 0,211 0,183 0,090 0,256 0,054 0,083
1 — 0.191 0,138 0.091 0,320* 0.062 0,122*
0 0,243 0,190 0,300 0,078 0,282* 0,299 0,183*
Maximum error values (in centimeters) for the stationary marker as a function of minimum variable marker distance
Separation distance (cm) M el CODA Elite Motion Peak Qualisys Vicon
5 - 0.249 0.334 0.368 0.391 0.296 0.128
4 0,743 0,663 0,423 0,372 0,460 0,186 0263
3 - 0,673 1,080 0,505 0,638 0,186 0261
2 0,569 0,646 0,812 0.534 1,623 0.210 0.458
1 — 0.563 0.464 0.551 1.721* 0.230 0.600*
0 0,237 0,559 0,317 0,356 1,183* 3,206 1,725*
Times for tracking and editing 4 seconds of data
Task Ariel CODA Elite Motion Peak Qualisys Vicon
tracking 1.5 hours neither needed Not available <2 sec <2 sec 5 sec <2 sec
editing simultaneous Not available <2 min 10-20 min 10-20 min <2 min
APPENDIX 3
Table 1: Studies using modem gait analysis techniques for pre-treatment 
decision and/or post-treatment assessment purposes
Table 2: Studies using modem gait analysis techniques for descriptive or 
categorizing purposes
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APPENDIX 5
Normalised Mean Values
Results are shown for cycle time, step length, stride length, speed, heel-toe interval 
and knee angle. For each measure the tables show the group means and standard 
deviations of normalised results for sessions 2, 3, 4, 5 and 6.
Height and PCI values
are shown for each session and condition in a final table.
CD
TSV Files
The original TSV files and calculated values from these for each subject and session 
are placed in a CD attached to the back cover of the thesis. The TSV Files were 
converted from the tracked MacReflex files of the marker coordinates.
The titles of the Workbooks on the CD are:
FES session 2.tsv 
FES session 3.tsv 
FES session 4.tsv 
FES session S.tsv 
FES session 6.tsv
Calculated values
Heel and toe contact times, and ankle marker X coordinates for initial foot contact, for 
each of the two conditions studied in the session, were taken from the TSV files and 
entered into an Excel spreadsheet.
From these data cycle time, step length, stride length, speed, and heel-toe interval 
were calculated. Knee angles at initial foot contact were calculated from all of leg 
marker data using Q Gait software.
The means of these for each child were calculated.
These were then normalised.
The group normalised means were then obtained.
The normalised means for each child and condition, and the group means were 
transferred to the spreadsheets printed out in this appendix.
The methods used to obtain the values above are detailed in the main text.
The titles of the Workbooks on the CD are:
FES session 2.xls 
FES session 3.xls 
FES session 4.xls 
FES session 5.xls 
FES session 6.xls
Each workbook contains the data and calculated values of each child for the 
conditions studied in the session.
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Session 2 2 3 3 4 5 6 6
Condition Bare Shod Bare Shod Shod Shod Bare Shodao 1.203 1.227 1.223 1.238 1.236 1.262 1.243 1.262as 1.224 1.232 1.235 1.248 1.243 1.265 1.253 1.284
hp 1.561 1.583 1.560 1.587 1.593 1.590 1.554 1.576im 1.427 1.455 1.440 1.459 1.442 1.464 1.455 1.489
JP 1.225 1.268 1.255 1.265 1.279 1.281 1.318 1.335
jr 1.180 1.195 1.201 1.222 1.221 1.231 1.232 1.242
JS 1.312 1.332 1.333 1.355 1.372 1.381 1.350 1.374
JW 1.274 1.298 1.304 1.320 1.313 1.349 1.339 1.351kt 1.439 1.454 1.464 1.486 1.486 1.491 1.506 1.510
s f 1.742 1.760 1.762 1.775 1.779 1.790 1.790 1.814
PCI: mean s of 3 traverses (shod )
Session No stim 2 4 5 6 stim 4 5ao 0.26 0.30 0.15 0.31 0.28 0.23as 0.42 0.27 0.39 0.28 0.30 0.23
hp 0.75 0.42 0.99 0.55 0.26 0.66im 0.25 0.16 0.09 0.16 0.19 0.20
JP 0.31 0.30 0.33 0.34 0.30 0.23
jr 0.20 0.13 0.22 0.19 0.17 0.17
JS 0.27 0.27 0.26 0.18 -0.19 0.28
JW 0.25 0.32 0.10 0.17 0.29 0.24kt 0.48 0.58 0.44 0.58 0.63 0.44sf 0.27 0.12 0.12 -0.02 0.15 -0.24Mean (10) 0.35 0.29 0.31 0.28 Mean (10) 0.24 0.24sd 0.16 0.13 0.25 0.17 sd 0.19 0.21
Mean (9) 0.30 0.32 Mean (9) 0.24 0.25sd 0.14 0.26 sd| 0.20 0.22
APPENDIX 6 
Questionnaire
RICHMOND TWICKENHAM AND ROEHAMPTON HEALTHCARE NHS TRUST
Please mark the boxes with a  j x ]  and write clearly in the comments boxes.
31 Sex of child: Male
Female
i Q2 Childs age: |
years  — J  months
33 How long has your child had the EES machine 7 j j! I weeks
34 What did you hope your child would achieve by using the machine (mark as many as apply)
Other (please specify)_ _ _ _ _ _ _ _ _ _ _ _a) Heel strike in walking
b) Standing with fla t feet
c) Improvements in walking pattern
d) Reduced number o f falls
e) Improvements in distance walking
f) Increased stamina
g)Reduction in muscle stiffness
25 What changes have you seen in the following ?
A lot A little
Heel strike in walking 
Standing with flat feet 
Improvements in walking pattern 
Reduced number o f falls 
Improvements in distance walking 
Increased stamina 
Reduction in muscle stiffness
better better
No change A little 
worse
A lot 
worse
)6 Please list any other improvements:
>7 (a) Did you receive instructions on how to set up the system ? 
(if no please go to Q7(d)
Yes □  Ato □
>7 (b) If yes,were they ?  a) Written\ [ b) Verbal  H i c) Written and verbal
-7 (c) If you received instructions were they easy to understand ? Yes i  No j ;
7 (d) If no, please state why not:
8 Did you experience difficulties with any of the following when setting up and using the machine ?
Yes No Other difficulties (please state)
Accuracy o f setting the electrodes
Technical difficulties with the machine  _
Co-operation o f the child
Survey : 325
m x n i i i  1 111 ■  ■  11 n
Q9 How would you rate the support you and your child have received from the team ?
Very good  |  I
Q10 Have you had to contact the team because of technical difficulties 
(malfunctions) with the system ?
Yes No
Q 11 If yes, how many times have you had to contact the team ?
Q12 Did your child use AFO (splints) prior to using the machine ? %  I No
Q13 How many weeks since your child last regularly wore the splints ?
314 On a scale of 1 — (ineffective) to 10 =  (very effective) please rate
the effectiveness of the system in improving your childs gait ?
i n  □ -------- □  — _□ ---------□ -------- □
5
-u 10
315 Before using the system how much difficulty did your child have when walking without splints ? 
(please rate from l(a  lot of difficulty) to 10 (no difficulty).
10 ~0 -
5
- O  - -□ 10
216 (a) Are you still using the FES ? Yes No
>16 (b) If no, please state why not ?
x  n  .  Yesa) Do you plan to continue to use the system
b) Would you like to use the system again in the future
No
18 What is your main concern regarding your childs walking
Ii_VV^uldjyou like to make any additional comments (i.e.how could we improve the service etc.).
THANK YOU FOR TAKING THE TIME TO COMPLETE THIS nnFSTTnMMATp p 
Please return the completed questionnaire in the envelope provided
RICHMOND TWICKENHAM AND ROEHAMPTON HEALTHCARE NHS TRUST
Please mark the boxes with a [x ] and write clearly in the comments boxes.
Q1 Sex of child: M a l e
F e m a l e
Q2 Childs age: j
y e a r s m o n t h s
Q3 How long has your child had the FES machine ?
w e e k s
Q4 What did you hope your child would achieve by using the machine (mark as many as apply)
O t h e r  ( p l e a s e  s p e c i f y ) _____________________a )  H e e l  s t r i k e  i n  w a l k i n g
b )  S t a n d i n g  w i t h  f l a t  f e e t
c )  I m p r o v e m e n t s  i n  w a l k i n g  p a t t e r n
d )  R e d u c e d  n u m b e r  o f  f a l l s
e )  I m p r o v e m e n t s  i n  d i s t a n c e  w a l k i n g
f )  I n c r e a s e d  s t a m i n a
g ) R e d u c t i o n  i n  m u s c l e  s t i f f n e s s
Q5 What changes have you seen in the following ?
A  l o t  A  l i t t l e
better b e t t e r
N o  c h a n g e  A  l i t t l e  
w o r s e
A  lot 
worse
N / A
H e e l  s t r i k e  i n  w a l k i n g
S t a n d i n g  w i t h  f l a t  f e e t !
I m p r o v e m e n t s  i n  w a l k i n g  p a t t e r n i_j
R e d u c e d  n u m b e r  o f  f a l l s |
I m p r o v e m e n t s  i n  d i s t a n c e  w a l k i n g ! . !
I n c r e a s e d  s t a m i n a !
R e d u c t i o n  i n  m u s c l e  s t i f f n e s s ______
!—
Q6 Please list any other improvements:
Q7 (a) Did you receive instructions on how to set up the system ? 
________ ( i f  n o  p l e a s e  g o  t o  Q 7 ( d ) ______ _______________________
27 (b) If yes,were they ? a )  W r i t t e n ]  ] b )  V e r b a l
Yes □  Afo □
c )  W r i t t e n  a n d  v e r b a l  ;
27 (c) If you received instructions were they easy to understand ? yes □ N o
27 (d) If no, please state why not:
28 Did you experience difficulties with any of the following when setting up and using the machine ?
Y e s  N o  O t h e r  d i f f i c u l t i e s  ( p l e a s e  s t a t e )
A c c u r a c y  o f  s e t t i n g  t h e  e l e c t r o d e s  
T e c h n i c a l  d i f f i c u l t i e s  w i t h  t h e  m a c h i n e  
C o - o p e r a t i o n  o f  t h e  c h i l d
Survey : 325 Page : 1
An investigation into the effect o f  electrical stimulation o f the calf in children with cerebral palsy who walk with a toe gait
Wandsworth
Primary Care Trust
Gait Laboratory
Clinical Biomedical Engineering Centre (CBEC) 
Roehampton Rehabilitation Centre 
Queen Mary’s Hospital 
London SW15 5PN
Tel: 020 8355 2175 
Fax: 020 8355 2952 
email: gaitlab@swlct.sthames.nhs.uk
PATIENT INFORMATION SHEET
An investigation into the effect o f  electrical stimulation o f  the ca lf in children with cerebral 
palsy who walk with a toe gait
You and your child are being invited to take part in a research study being conducted by Queen 
Mary’s Hospital and the University of Surrey. Before you both decide it is important for you to 
understand why the research is being done and what it will involve. Please take time to read the 
following information carefully and if you wish, discuss it with friends, relatives and your GP. Ask us 
if there is anything that is not clear or if you would like more information. Take time to decide 
whether or not you wish to take part. Thank you for reading this.
What is the purpose of the study?
Functional Electrical Stimulation (FES) is a technique that uses small electrical pulses to activate 
muscles and so produce useful movement. The electrical impulses work by exciting the nerves 
leading to the muscle. Self-adhesive patches (electrodes) are usually placed on the skin close to the 
nerve supplying the muscle; this is often over the centre of the muscle. Leads connect the electrodes 
to a stimulator that produces the impulses.
FES has been used effectively for many years to improve or assist walking patterns in adults. 
However there is limited research available to assess its effectiveness in children.
We are investigating the effects of stimulating the calf muscle in a small group of ambulant children 
who walk with a toe gait. It is felt that by stimulating this muscle it can be ‘taught’ to contract at a 
more appropriate time during walking.
The aim of this 2 year study to identify if there is an immediate and/or continuing change in walking 
pattern if electrical stimulation is applied in this way. We also hope that if  some children respond 
differently to others to the stimulation we can identify the reasons for this.
NHS
Patient Information Sheet V1.0 300902.doc 04/11/2002 Page 1 of 7
An investigation into the effect o f electrical stimulation o f the calf in children with cerebral palsy who walk with a toe gait
Why have I been chosen?
Your child would be suitable for inclusion in the trial if you and he/she wish to be, because his/her 
walking pattern is of the type we hope the stimulation may affect. We wish to recruit a total of 12 
children onto the study.
Do I have to take part?
Taking part is entirely voluntary. It is up to you and your child to decide whether or not to take part. 
If you do decide to take part you will be given this information sheet to keep and be asked to sign a 
consent form. If you decide to take part you are still free to withdraw at any time and without giving a 
reason. This will not affect the standard of care you receive.
What will happen to me if I take part?
Your child’s involvement in the project will be over about ten months, involving 9 visits to the Gait 
Laboratory at Queen Mary’s Hospital. (A timetable summarising the procedures is attached).
Screening. This is an assessment to determine whether your child would be suitable for, and whether 
you and he/she would like to participate in this project. We will briefly assess your child’s walking 
and allow him/her to try the stimulator.
Baseline (weeks 1-12). There will be three appointments, two in the first 2 weeks and one in week 12. 
At each appointment we will measure your child’s height and weight, and take measurements of joint 
movements. We will also collect information about your child’s walking. For this, four types of 
information will be collected:
a. Force measurements. The force applied to two plates in the floor is measured as they are 
walked across.
b. Joint angles. For this small, lightweight, reflective balls will be attached to your child’s feet, 
legs, trunk and shoulders using double sided tape. The positions of these balls are measured as 
your child walks by six cameras. From this we get information about how the body and joints 
are moving during walking.
c. Video. While the force measurements and marker positions are recorded, walking will also be 
recorded by two video cameras.
d. Electromyography (EMG). This is done by attaching small, self-adhesive electrodes to the 
surface of the skin, and recording the electrical activity from the muscle contraction using a 
computer.
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Following the third walking assessment we will set up the FES system and instruct you, your child 
and your “home” physiotherapist (if she wishes to attend this session with you) on its use.
You will be asked to complete a brief questionnaire about your child’s walking at the beginning and 
end of this phase.
Stimulation (weeks 13-24). There will be four appointments. The first will be the day after the 
stimulation system has been set-up. At this time the gait measurements will be repeated. We will also 
need to see you/your child to check the operation of the stimulator on two occasions (week 16 and 
20). At the final appointment in week 24 the gait measurements will be repeated.
You will be asked to complete a brief questionnaire about the stimulation and your child’s walking at 
the end of this phase.
The stimulator will be withdrawn at the end of this phase of the study.
Baseline (weeks 25-36). There will be one appointment at the end of this phase (week 36) at which 
the gait measurements will be repeated. You will be asked to complete a brief questionnaire about 
your child’s walking at the end of this phase.
For the measurements in the Gait Laboratory we will need your child to wear supplied lycra shorts 
and a crop top/tee-shirt.
You will be asked to complete a brief questionnaire about your child’s walking at the end of this 
phase.
All the questionnaires will not be reviewed by the investigators until the end of the study.
You will need to allow approximately 2 hours for all appointments except for the screening and 
stimulation review appointments, which will take approximately 1 hour.
What do I have to do?
For the first three months of the study we would like your child to have a walk of at least 30 minutes
at any time during the day wearing whatever shoes or splints are normally worn to assist walking.
Once he/she starts to use the stimulator it is important to continue this routine of walking, but now
using the stimulator instead of any splints. The splints should be worn at other times when not using 
the stimulator.
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In the final three months we would like your child to continue the walking routine wearing whatever 
shoes or splints are normally worn to assist walking.
Throughout the whole period you should continue with any physiotherapy or other activities, e.g. 
swimming or riding as normal.
We would like you to complete a very simple diary card recording dates and duration of walking. 
What is the drug or procedure that is being tested?
The stimulation involves applying 2 self adhesive electrodes over your child’s skin over the calf and 
applying a small current to encourage the muscles to respond in a way that we hope will improve their 
ability to walk. The electrodes are connected to the stimulator (a small box), which is worn attached 
to the waistband. As the child walks a small switch under the heel triggers the stimulation to come on 
when the foot is in contact with the ground during walking[GLl].
What are the alternatives for treatment?
Alternative interventions aimed at improving or correcting toe walking include splinting, botulinum 
toxin injections, plastering, exercise and surgery.
What are the side effects of taking part?
Very occasionally a local reaction skin to the electrodes may develop. In this case we can use 
alternative hypoallergenic electrodes. If the problem persists we would discontinue stimulation. We 
are not aware of any other side effects provided the stimulator is used as instructed. We have no 
reason to believe that FES will produce any difficulties for your child. Indeed, the results in adults 
have been very positive. The published work in children has shown mixed results, but none of these 
have been negative.
What are the possible benefits of taking part?
We hope that electrical stimulation will help improve your child’s gait. However, this cannot be 
guaranteed. The information we get from this study may help us to improve the treatment offered to 
future patients with cerebral palsy who toe walk.
What if new information becomes available?
Sometimes during the course of a research project, new information becomes available. If this 
happens, we will tell you about it and discuss with you whether you want to continue in the study. If 
you decide to withdraw we will advise your ‘home’ physiotherapist. If you decide to continue in the 
study you will be asked to sign an updated consent form.
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Also, on receiving new information we might consider it to be in your best interests to withdraw you 
from the study. We will explain the reasons and advise your6 home ’ physiotherapist.
What happens when the research study stops?
We are unable at the moment to supply the stimulator at the end of the study, as at present we do not 
have the funding to monitor your care. However, we will keep you and your ‘home’ physiotherapist 
informed of the outcomes for your child, to try and ensure that any improvements found in gait are 
maintained.
What if something goes wrong?
If taking part in this research project harms you, there are no special compensation arrangements. If 
you are harmed due to someone’s negligence, then you may have grounds for a legal action but you 
may have to pay for it. Regardless of this, if you wish to complain about any aspect of the way you 
have been approached or treated during the course of this study, the normal National Health Service 
complaints mechanisms may be available to you.
Will my taking part in this study be kept confidential?
We may, with your consent, like to use photographs or video of your child for teaching purposes. 
There is a section on the consent form for you to give permission or not for this.
All other information that is collected about your child during the course of the research will be kept 
strictly confidential. Any information about him/her that leaves the hospital will have his/her name 
and address removed so that he/she cannot be recognised from it.
Your child’s consultant and physiotherapist will be sent information about this trial and your 
participation in it. Your GP will be asked to agree to your child’s participation in the trial.
What will happen to the results of the research study?
Reports on the results of the study will be completed for the funding bodies within three months of the 
end of the trial (September 2004).
The results of the work will be submitted for publication in a peer reviewed journal, e.g. 
Developmental Medicine and Child Neurology, as well as in professional and user group magazines,
e.g. Physiotherapy and Hemihelp.
You can get a copy of these from us when they are completed.
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Who is organising and funding the research?
a. Investigators
Dr David Ewins, Queen Mary’s Hospital and University of Surrey 
Mrs. Sally Durham, Queen Mary’s Hospital 
Dr Chris Daniel, Queen Mary’s Hospital
b. Funding Bodies
Cerebra, The foundation for the Brain Injured Infant.
South West London Community Trust (SWLCT) Charity Committee.
Queen Mary’s Hospital.
These funding bodies are supporting Physiotherapy and Clinical Scientist staff time, equipment, 
consumables and travel costs.
Who has reviewed the study?
SWLCT Charity Committee.
The Research Committee of Cerebra.
The Kingston and Richmond Local Research Ethics Committee.
Contact for Further Information
Mrs Sally Durham, Physiotherapist 
Gait Laboratory 
Queen Mary’s Hospital 
Roehampton Lane 
London SW15 5PN.
Tel: 020 8355 2175
Fax: 020 8355 2952
email, sally.durham@swlct.sthames.nhs.uk
Thank you very much for agreeing to take part in this study. If you require any further information 
please do not hesitate to contact us.
You will be given a copy of this information sheet and a signed consent form to keep.
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SOUTH WEST LONDON COMMUNITY NHS TRUST
PHYSIOTHERAPY 
SERVICES 
DEPARTMENT 
(Leon Gill is Unit)
Evaluation of 
Functional Electrical 
Stimulation (FES)
Linda Eve
Steve Edwards - Clinical Governance Facilitator (Queen M ary’s 
Hospital)
Results:
Data was collected from nineteen parents and the results are as follows. 
Q l. Sex of child?
Female 
8 (42%)
n = 19
Fig 1.
Q2. Childs age:
Childrens ages ranged from 5 years and 1 month to 15 years and 4 months with an 
average age of 8 years and 8 months.
Q3. How long has your child had the FES machine ?
The number of weeks ranged from 4 to 28 weeks with an average number of 12 weeks
Q4. W hat did you hope your child would achieve by using the schem e ?
Hoped to achieve Number of 
responses
a) Heel strike in walking 16
b) Standing with flat feet 8
c) Improvements in walking pattern 18
d) Reduced number o f falls 7
e) Improvements in distance walking 8
f) Increased stamina 6
g) Reduction in muscle stiffness 8
Fig 2.
Q5a) W hat changes have you seen in the following ?
Category
A lot 
better
A
little
better
No
change
A
little
worse
A lot 
worse N/A
a) Heel strike in walking 7 . 9 2
b) Standing with flat feet 4 5 3
c) Improvements in walking 
pattern
8 9 , 2
d) Reduced number o f falls 5 4 3 1
e) Improvements in distance 
walking
4 5 ;y 4 V , -  '
f) Increased stamina 3 4 5 1 1
g) Reduction in muscle stiffness 4 3 '3 2
Fig 3.
Q5b) Please list any further improvements: > V
Q6. Did you receive instructions on how to set up the system ?
All nineteen (100%) said “yes” they received instructions on how to set up the system.
Q7. I f  you did not receive instructions, please state why not:
Nil responses received
Q8. If you received instructions, were they ?
a) Written
b) Verbal
c) Both written and Verbal
Written only Verbal only
2 (11%)
Written and Verbal 
17 (89% )
Fig 4.
d) Easy to understand
All sixteen (100%) who answered this question said "yes" the instructions were 
easy to understand.
Q9. Did you experience difficulties with any of the following when setting up 
and using the machine ?
Accuracy of setting the electrodes
Fig 5.
Technical difficulties with the machine
No response made =  2
Fig 6.
Co-operation of the child
No response =  1
Fig 7.
4
Q10. Please list any other difficulties ?
Q l l .  How would you rate the support you and your child have received from  
the team ?
18 
16 
14
I 12
S' 10 g
O g
brO
4
2 
0
Very good Good Average Poor Very poor
Response
Fig 8.
Q12a) Have you had to contact the team because of technical difficulties 
(malfunctions) with the system ?
No response = 1
Fig 9.
Q12b) I f  yes, how many times have you had to contact the team ?
Three times
1 (13%)
Once 
3 (38%)
Twice 
4 (49%) n =
Average times = 2.6
Fig 10.
Q13a) Did your child use AFO (splints) prior to using the machine ?
Yes
(74%)
n =  19
Fig 11.
Q13b) How many weeks since your child last regularly wore the splints ?
Number o f  
weeks
Number o f  
responses
Four 1
Six 2
Twelve 2
Fourteen
Eighteen
Twenty V
Twenty eight
Forty
Fifty two
Sixty
Average, number o f weeks =  23
Fig 12.
7
Q14. On a scale o f 1 =  (ineffective) to 10 =  (very effective) please rate the system  
in improving your child’s gait ?
n =  18
No response made = 1
1#%)
Li
o
Ineffective
Fig 13.
PL,
5 (28%)
3 (17%)
Rating scale
3 (17%)
2 (11%) 2 (11%) 2 (11%) 
I I I
I I I
Very effective
* If all respondents marked rating box 1 (ineffective) the cumulative score would be 
18 - if all marked rating box 10 (very effective) the score would 180 
- the actual score =  121.
Q15. Before using the system how much difficulty did your child have when 
walking without splints (rate from 1 =  a lot of difficulty to 10 =  no 
difficulty) ?
6
n = 16
'5
No response made = 3
A lot of difficulty No difficulty
Fig 14.
* If all respondents marked rating box 1 (a lot o f difficulty) the cumulative score 
would be 16 - if all marked rating box 10 (no difficulty) the score would 160 
- the actual scow  =  100
Q16. Would you like to use the system after the trial ?
All eighteen (100% ) respondents who answered this question said “yes” they would 
like to use the system after the trial.
Q17. What is your main concern regarding your child’s walking ?
Q18. Would you like to make any additional comments re: stimulation of the 
trial:
